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Resum 
El propòsit d’aquest estudi és treballar com a líder per a altres ciutats per implementar les energies 
renovables. Per tal de fer-ho, una plantilla és creada per ajudar aquestes ciutats. La plantilla té 
informació de totes les energies renovables que es fan servir avui en dia i quanta quantitat 
d’aquestes s’han de instal·lar per tal donar electricitat i escalfor a tots els ciutadans de la ciutat. Per 
tal d’aconseguir aquest model, les energies renovables són estudiades en més profunditat per 
entendre alguns aspectes com: quins són els millors llocs per instal·lar-les, quanta energia poden 
produir, etc. A més, tots els pobles que han aconseguit ser 100% renovables són estudiats en 
profunditat per entendre millor com ho han aconseguit. Amb tota aquesta informació un model és 
creat. Sabent la població, l’energia necessària per donar electricitat i escalfor és calculada i diferents 
opcions d’energies renovables són mostrades.   
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Resumen 
El propósito de este estudio es trabajar como líder para otras ciudades para implementar las energías 
renovables. Para hacerlo, una plantilla es creada para ayudar estas ciudades. La plantilla tiene 
información de totas las energías renovables que se usan hoy en día y cuanta cantidad de estas se 
han de instalar para dar electricidad y calor a todos los ciudadanos de la villa. Para conseguir este 
modelo, las energías renovables son estudiadas en más profundidad para entender algunos aspectos 
como: cuales son los mejores lugares para instalar les energías, cuanta energía pueden producir, etc. 
Además, todos los pueblos que han conseguido ser 100% renovables son estudiados en profundidad 
para entender mejor como lo han conseguido. Con toda esta información un modelo es creado. 
Sabiendo la población, la energía necesaria para dar electricidad y calor es calculada y diferentes 
opciones de energías renovables son mostradas.    
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Abstract 
 
The purpose of this study was to work as a lead for other cities as to implement renewable energy on 
their own context. In order to do so, a template is made to help these cities. The template has 
information of all the renewable energies that are used nowadays and how much of them have to be 
built to ensure heat and electricity to all inhabitants of the village. To do so, these energies are studied 
more deeply to understand different aspects such as: where are the best places to install them, how 
much energy they can produce. Besides, all the villages that have accomplished becoming self-
sufficiency are studied to understand better how it would be possible to become a green city. With all 
the information gathered from these aspects a template is created. Knowing the population from the 
city, the total energy from a village can be calculated and with that the renewables energies needed are 
calculated as well. 
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1. INTRODUCTION 
1.1. Motivation 
Throughout the degree, I have acquired knowledge on a wide range of fields related to engineering: 
how to calculate structures, how to design 3D pieces and print them, how to build a robot, how to 
program, etc. Nevertheless, there is one aspect that keeps clicking in my head: How is it possible that 
we have such an advanced technology and we do not use it for making this world better and avoid 
damaging it? Greenhouses gases are damaging the Earth and in some parts of it, the pollution is so 
high that it is even hard to breath.  
Every day we use several non-renewable resources such as: oil, minerals and natural gases. If we 
keep using this type of energy, at this rate, one day we will end up having to pay a lot of money for a 
bit of electricity. However, there are others ways to have them: green energy. 
By using renewable energy all the pollution that is emitted in the air will be reduced drastically and 
therefore, the global warming will be minimized as well. Besides, renewable energy is free, as you do 
not need to pay anything to collect energy. Non-renewable resources could be saved in case of 
emergency or for big cities that need extra supply of electricity.  
That is the main reason why I want to deepen on this matter. My main goal is to study a little further 
about this topic. For instance, knowing more about the renewable energies, its different types, how 
they work, where to place them, the advantages and disadvantages of each one and how to 
implement them with the find objective of making this world better.  
Finally, after this project, I would like to know how much electricity a city needs and how, with only 
renewable energy, it can provide the energy needed. To do so, a template is done to standardize the 
calculations. 
1.2. Advantages and disadvantages of renewable and non-
renewable energy 
Energy have been mention in the chapter before, however what does it mean? If the general 
meaning is taken:” Energy is a property of objects which can be transferred to other objects or 
converted into different forms”.[1] These different forms of energy can be: potential, mechanical, 
electric, elastic, thermal, etc. 
Pág. 2  Memory 
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In this thesis, the basic energies that are studied and explained are: non-renewable, renewable and 
electric. The first two energies are explained in this chapter and the other are discussed in chapters 
below.  
1.2.1. Non-renewable 
The non-renewable energies are the ones that are finite. That means they not renew themselves fast 
enough for human time-frame. To produce them, millions of years have to be spent in order to 
manufacture them again.  
Some examples of non-renewable energy are: crude oil, coal, natural gases and uranium (nuclear 
energy).  
Nowadays non-renewable energy is used almost for everything that can be power up: electricity, 
industries and for transportation.  
Advantages: 
 The cost of getting the energy is low and when a source is found it is usually abundant.   
 It is easy to produce and use. E.g. When the oil is in a plant it can be transformed easily into 
plastic and then into a lot of others objects.  
 A high quantity of energy can be produced. If coal is burnt a lot of electricity and heat can be 
produced with a little quantity of it.  
Drawbacks: 
 Non-renewable energy is a finite resource. E.g. Oil is built from millions of years and it 
cannot be created in a few years.  
 The price of these energies will go higher in years to come because the less we have, the 
more expensive will be. 
 Is not a clean energy. When these sources are burn or manufactured greenhouse gases and 
CO2 are emitted in the air which accelerates global warming. 
1.2.2. Renewable [1] 
Renewable energy is the energy that is collected from natural resources which are constantly 
available, that means there are infinite. These energies are: Wind, Solar, Hydropower, Biomass, 
Biogas and Geothermal. 
The renewable energies can provide energy in different areas like: electricity, industries, commercial 
and transportation. However, it is difficult to provide energy to transportation and industries with 
renewable energies.  
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Advantages: 
 All of them are unlimited. Energy can be produce from them indefinitely and in some cases 
24 hours a day.  
 The price of the energy does not go higher. E.g. If you have your own solar panels or wind 
turbines, these will give you the energy you need without paying anything extra to an 
electrical company.  
 It is a clean energy. It does not produce as much greenhouse gases or CO2 as non-renewable 
resources. 
 If you have enough energy you can sell it to other people that do not have it. 
 The money spent in the installation is easily turned into benefits in the future. 
 They create new jobs. When a renewable energy facility is built, a qualified person has to 
install it and has to know how the energy works because if there is a problem it has to be 
repaired.  
Drawbacks: 
 It is difficult to generate the quantities of energy that fossils are producing, as it needs big 
and large facilities.  
 The investment is very expensive. A lot of money has to be spent in the production and 
conversion of the energy. Moreover, the reparation of the generators is not cheap as well. 
 It is directly related to the weather. E.g. If a wind turbine does not have wind, it will not 
produce energy. 
1.3. What is a city 100% renewable 
A city that is 100% renewable, also called green city is the one that, with help of renewable energies, 
it can provide energy to a village or a city. E.g. provides lighting, heating, cooking, etc. Moreover, the 
population does not need to buy electricity to any external companies because it generates its own.   
Furthermore, apart from electricity, some cities have green transportation as well; they use biodiesel 
or biofuel for the car or even solar car, even though there are small. However, not all the cities that 
are 100% renewable have renewable transportation.   
These cities take advantage of what the land give them. If it is a windy city, the citizens can build a 
wind park to produce electricity. Furthermore, every house can install solar panels for heating the 
water and the space.  
Although these cities are normally small, big cities like Copenhagen or Barcelona are trying to 
become green cities as well. When a city is big it takes more time, resources and money because it 
has to adapt all the population to the new energies. Citizens must have an active role in the process 
as they are the agents of change. However, cities should have laws as well that regulates such 
changes. [3] 
Pág. 4  Memory 
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1.4. Objective 
The objective of this work is to develop a tool that determines which kind of energy and the amount 
of it that a city would need to become a green city, which means to get a 100% of renewable energy 
in electricity and heat. To do so, different aspects are studied to understand if it possible or not.  
First of all, chapter 2 provides with a general view of how renewable energies work and how they are 
currently used in some cities.   
Secondly, a general view of all the cities that are 100% renewables is discussed. It is essential to 
determine what kind of energy they use to achieve being green city and the power they have. E.g. if a 
city has a hydropower plant, determine how much energy it provides to the population.  
Thirdly, two different cities or villages that are 100% renewable are studied in detail in order to know 
how it made possible to accomplish that goal.  
Finally, thanks to all the information gathered in others points; a pattern is provided for others cities 
to follow the steps of these green cities.  
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2. General background 
In order to determine the energy needed for a city to become 100% renewable, it is important to 
know how much electricity a house consumes per year. That give us a general understanding of how 
much energy it is needs to be produced. Depending on the place that aims at using renewable 
energies, a different number of plants should be built, because not every city in the world consumes 
the same amount of electricity; some cities need more energy than others.  
Everybody should know how does renewable energy works. This is the reason why a review of all the 
green energy is made in the current chapter. In the next lines, some information is given on: how 
energy is produced, which are the best places to build them, advantages and disadvantages and how 
much energy they can produce. Then a city is selected and studied in order to determine if with only 
one type of energy it can produce electricity to all the households in that place.  
For example, if solar power is studied, a city is selected and the results are compared to see if with 
only solar power it can produces, at least, electricity to all the households. In the calculations, 
hospitals, schools and other big buildings are not being included because not all the villages have 
these buildings.  
Furthermore, the cities have two or more energies available and they produce enough energy. Thus, 
it is only an example to see if a solo energy can provide electricity to the population. 
The next chapter studies the perfect location for each one of the renewable energies. Some examples 
are given to show how they work in concrete situations.  
Finally, an overview of all the cities is presented: which types of energy they use and the continents 
where are located, advantages and disadvantages, which places have to improve. 
All the calculations that are done may not be the equal to the reality. There are a lot of variables 
when it comes to determine the energy in one place. That is why the calculations are done based on 
the worst-case scenario, which means that when two options appear; the one that has lower 
performance is taken to ensure a proper result.    
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2.1. Electricity consumption per year 
“Electricity can be described as the flow of electric charge”[4]. However, this statement is complicated 
to understand, it might help if examples of what electricity can power up are shown up: light when 
we wake up, during all day and for the night as well. Energy to cook, to take a shower, watch TV, etc. 
 
In Graph 1 above, the different types of activities used in a house thanks to electricity are shown up: 
Cooling, lighting, refrigeration, water heating, heating, entertainment, washing, cooking. A green 
house should have all these activities produced thanks to renewable energies.  
In the one hand, if a house is 100% electrical (it can provide any activity with electricity), only one 
type of renewable energy can be used.   
In the other hand, if the house is not 100% electrical, several energies should be used in order to 
provide all the activities. E.g. wind cannot provide heat to a house; however, thermal energy is 
perfectly suited for cooling and heating a house. If more information is needed, chapter 6 goes 
through more in detail. 
Although not all the world uses all the activities to live; there are places, usually found in Africa and 
Asia, which they do not use as much electricity as people in Europe does. This fact can be observed in 
Graph 2. This happens because in Europe they have more wealth and infrastructure to build electric 
plants.  
Graph 1 Us and UK Residential Power Usage (%)[6] 
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Moreover, there are populations that spend more electricity than others. The graph below (Graph 2) 
shows that USA and Canada are the countries that consume more electricity per house and per year 
(about 11698 kWh) which is more than the double of what Spain consumes, 4131 kWh.  
 
These ratios are based on wealth, physical house size, appliance standards (like fridge or washing 
machine), electricity prices and access to alternative cooking (oven and microwaves), heating and 
cooling fuels.  
In one hand, an example of high household electricity would be: living in a big house with a lot of 
machines such as: fridge (consumes 162 kWh per year), computer (150 or 30 kWh depending if a 
desktop or laptop), microwaves (56 kWh), oven (317 kWh) and washing machine (166 kWh), among 
others. [7] 
On the other hand, in China and India the consumption of electricity is lower as not everybody has 
access to it and the households are small. Besides, these people are so poor that they cannot afford 
many electrical machines like fridges or microwaves. [8] 
Image 1 Average electricity use per Household (kWh/year) 2014 [6] 
Graph 2 Household electricity consumption (kWh/year) 2010 
[6]Error! Reference source not found. 
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Graph 3 indicates the electricity consumption per person per year. However, household is a small 
part of electricity usage, in fact is less than one third of the total usage, as it can be seen in Graph 4. 
The other usages of electricity are: Transport, Industry, households and Commercial or Services.  
 
Europe uses 2.6% of electricity consumption was used for transport, 36.1% for industries, 30.9% for 
households and 30.4% was used for services. Although in these chapter, only the electricity 
consumption in household is discussed.  If all the sectors should be included, then the calculations 
will be much longer, that is why only one sector is selected.  It is used basically to compare with other 
calculations done further in the chapter.   [9] 
Graph 3 Residential Electricity use per capita (kWh/ year) 2010 [6] 
Graph 4  Electricity consumption by sector in Europe [6] 
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In the template done in the chapter 4, the services are included because the calculations need to be 
more precise. However, Industry and transportation are not included because there is a lot of variety 
in the industry and small village do not have much of industries, sometimes they do not have any. 
Moreover, Transportation is not included because it has a lower energy consumption compared with 
the others sectors.  
2.2. Types of renewable energy 
Each one of renewable energies has it owns characteristics: how it collects energy, advantage and 
disadvantages, the effectiveness, the places that can be built on and the best activities that can be 
used for household.  
In this chapter, all renewables energies are reviewed focusing on their use. Lastly, a demonstration of 
how these types of energy can provide electricity to the population of a city.  
Moreover, another assumption is done in the calculations, electricity gives energy to all the activities 
of a households, even space heating and hot water.  
2.2.1. Wind 
One of the most common energies used nowadays is wind energy. Thanks to the turbines, the energy 
of wind can be transformed into electricity. 
There are two types of turbines: small (electricity for houses) or big (produce electricity in a bigger 
scale). On the one hand, small turbines are usually found alone though there are not very common.  
On the other hand, big wind turbines are the most common and are located onshore, in places where 
the wind is constant during all the year. Usually they are not alone, as there are multiple wind 
turbines around. When there are multiple it is called a wind farm. Normally the lands that have wind 
farms are shared for others purposes like agricultural.  
However, lately it has been discovered a better location to locate the wind turbines, which is in the 
offshore, in the sea. It needs to be far away from the shore because of visual contamination although 
not much because the electricity produced has to be transported from the offshore, to power 
centrals and then distributed to all the houses. Therefore, if the distance is long, a lot of electricity is 
lost during the process.  
One of the main advantages, of wind turbines offshore, is that more turbines can be placed because 
the visual contamination is lower than if the turbines are in land.  [10] 
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To show some numbers, an average wind turbine onshore of 2.5-3MW can produce more than 6 
million kWh a year, enough to supply 1500 household in EU with electricity. Moreover, an offshore 
turbine of 3.6MW can provide electricity to 3312 households. [12] 
However, how a wind turbine can generate electricity? In Image 3, it can be observed how a wind 
turbine is built. First of all, the blades are the ones that move thanks to the wind and depending of its 
direction, the pitch rotates to be more effective. Thanks to the wind the rotor begins to move as well 
as the gears. The movement arrives to the generator, where the energy of the wind is transformed 
into electricity. [13] 
Besides, there is a controller that decides if the turbine has to rotate or not. Sometimes the wind is 
too strong for the turbine to rotate and then the controller decides to stop the blades.  
The most common wind turbine is the one with three blades. This kind of turbine produces the 
optimum amount of power. However, two blades turbines can be found as well. Two blades turbines 
are cheaper to install although sometimes it sound could be louder than the three blades turbine. 
[12] 
Nevertheless, there are some drawbacks with the turbines. The investment to manufacture this kind 
of product has a high cost, although the people that make these turbines are working on reducing the 
price to get to a wider market.  
If small and cheap turbines can be manufactured, more people will get those and produce their own 
electricity. Because, nowadays almost all the turbines can only be installed in big lands and owned by 
big companies because of the big investment. 
Image 3 Wind turbine [11] 
Image 2 Offshore turbines in Denmark 
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Another drawback could be the intensity of the wind. On the one hand, when the wind is strong the 
blades have to endure changes of direction and velocity, sometimes between 30 km per hour to 100 
km per hour. However, this problem is easily solved by doing a lot of testing about fatigue, bending 
and twisting. Furthermore, a brake is put on the turbine in case the wind could damage the blades. 
[10] 
On the other hand, if there is no wind, no energy can be produced. Therefore, when a wind turbine 
has to be placed, a location with constant wind during the year should be selected. 
The last problem of the wind turbines is the visual contamination. When a turbine is placed, it can be 
seen from far away because there are tall. The place has to be selected to take as less visual 
contamination as possible.  
However, installing big turbines is an advantage as well. [12] As it can be seen in Image 4, the 
evolution of the diameter of the rotor affects the Annual energy produced. For example, if the rotor 
has a diameter of 15 meters it can produce 35 MWh, however if the diameter is doubled, then the 
production is 400 MWh, almost 12 times.  
 
To finish with, the lines below provide with an example of a city that produces energy only using wind 
as a resource. The city selected is Freiamt from Germany that has a population of 4200 persons.  
Thanks to Graph 3 the energy of the city can be determined using the next equation, Eq.1:  
 
Image 4 How much energy a wind turbine can produce [14] 
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𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 × 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑝𝑒𝑟 𝑐𝑎𝑝𝑖𝑡𝑎 = 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑖𝑡𝑦 
(Eq. 1) 
4200 × 1731 𝑘𝑊ℎ = 7270200 𝑘𝑊ℎ → 7270.20 𝑀𝑊ℎ 
 Freiamt uses electricity 7270.20 MWh/year and the wind energy produces 11000 MWh/year[15]. 
With these numbers, we can observe that by using only wind energy this population could have 
electricity for the households during all the year. Therefore, besides from wind energy they have 
more energy, like solar, biogas and hydropower, just in case some day they do not have wind.  
 
2.2.2. Solar 
Before explaining how the solar energy works, it is necessary to appoint some things. Solar energy 
works by using panels that are used for heating (thermal panels) or for electricity (photovoltaic 
panels or solar PV). [16] 
Together with wind, solar is one of the most common energies used nowadays to produce electricity 
and heat. A lot of towns that have solar panels that are used for self-sufficiency heat and electricity. 
That is the reason why these panels do not appear in some specifications of the cities. That may 
cause a problem when the calculations of energy are made because not all the panels are taken in 
account for the calculations.  
Photovoltaic and thermal panels can be placed everywhere, which is one of its main advantages: in 
the rooftops of the houses, in walls of buildings, onshore, etc. However, you cannot put it offshore 
like wind turbines because water would damage such panels.  
Image 5 City of Freiamt 
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Solar energy has great possibilities within renewable energies. About 278 TWh of this energy is 
absorbed in the atmosphere; in 2002 one hour of solar energy could give electricity to the entire 
world during one year. However, solar panels nowadays do not have the sufficient efficiency to 
captivate all that energy. [18] 
 
Image 6 shows how solar panels are made. It is a semiconductor made of silicon and when sunlight 
hits the cell a certain portion of is absorbed by the semiconductor and it knocks the electrons loose 
from their atoms. As electrons flow freely through the cell, they generate electricity Error! Reference 
source not found..  Besides, these cells have one or more electrical field that forces electrons to flow 
in a specific direction.  
However, there are more ways to gather solar energy, for example with concentrated solar power or 
CSP. As image 7 shows, there are several mirrors that concentrate the solar power in one point. Of 
this point, there is water and this one is converted into steam and passes through a turbine. At the 
same time that turbine converts the movement into electricity. Besides, the steam condenses again 
into water to reuse it[20]. 
Image 6 Solar panel [17] 
Image 7 Concentrated solar power [21] 
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However, solar energy has some drawbacks. First of all, there is the cost of installation. Like all the 
renewable energies, it is very high. Secondly, the location is important. If it is located in the middle of 
something that makes shadow, less energy is produced. Thirdly if a solar plant wants to be installed, 
wider space is needed because solar panels occupy a lot of space.  
Another problem is the efficiency. Sometimes the panel does not produce as much energy as 
wanted: when it is cloudy, rainy or at night time. This is why it exist a capacity factor which indicates 
how much energy it arrives from the sun. For example, a city that it is located in the equator have a 
higher capacity factor because it has more sun and more intense. Normally the highest factor is about 
40%, that means about 60% of the solar energy is lost[22].   
A typical solar panel can produce 8760 kWh a year although this valor can vary because of the 
capacity factor, the bigger the number, the more it produces. Besides, if the energy lost was collected 
a lot more electricity could be produced. That is one of the main objectives of solar energy; to be 
more efficient[23].    
Tokelau is an island located in the Pacific Ocean and have a population of 1400 inhabitants and it is 
used to observe how people from a village can have energy with only solar power. The same formula 
from wind energy Eq.1 was used to determine how much electricity uses Tokelau per year.  
𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 × 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑝𝑒𝑟 𝑐𝑎𝑝𝑖𝑡𝑎 = 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑖𝑡𝑦 
To know the electricity of households, the electricity per capita has to be found. However, in this 
case, the energy per capita cannot be found using graph 3. More calculations are needed to found 
the electricity per capita, to do so image 1 is used. Looking in the Pacific Ocean it can be seen that the 
electricity used per household is between 1000 and 2000 kWh. 
However, there is a problem when this value is selected from image 1. There is a range of different 
values that can be selected. When this problem happens, the worst-case scenario is always taken, to 
make sure the results work every time. Therefore, 2000 kWh is taken to verify if it possible to provide 
energy to Tokelau. 
The equation 1 needs electricity per capita; however, 2000 kWh is electricity per household. Then 
another equation Eq.2 has to be used to transform from household to person. In these case, in the 
Pacific Island the average persons per household is 4.3[24].  
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𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑝𝑒𝑟 ℎ𝑜𝑢𝑠𝑒ℎ𝑜𝑙𝑑 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑝𝑒𝑟𝑠𝑜𝑛𝑠 𝑝𝑒𝑟 ℎ𝑜𝑢𝑠𝑒ℎ𝑜𝑙𝑑 = 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑝𝑒𝑟 𝑐𝑎𝑝𝑖𝑡𝑎⁄  
(Eq. 2) 
2000 𝑘𝑊ℎ 4.3 𝑝𝑒𝑟𝑠𝑜𝑛𝑠 = 465.11 𝑘𝑊ℎ⁄  
𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 × 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑝𝑒𝑟 𝑐𝑎𝑝𝑖𝑡𝑎 = 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑖𝑡𝑦 
1400 × 456.11 𝑘𝑊ℎ = 651154 𝑘𝑊ℎ → 651.154 𝑀𝑊ℎ 
The numbers of the equation are: 2000kWh for electricity per household and 4.3 for persons per 
household. The new energy per capita is 465.11kWh and using the Eq.1 the energy of the city is 
651.154 MWh/year. 
Tokelau has a 1MW system of solar energy, but it cannot be compared because the units are 
different. A new formula was used to transform the units from MW to MWh per year Eq.3 [25] .  
𝑀𝑊 × 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑓𝑎𝑐𝑡𝑜𝑟 × 365𝑑𝑎𝑦𝑠 × 24ℎ𝑜𝑢𝑟𝑠 = 𝑀𝑊ℎ   
(Eq. 3) 
1 𝑀𝑊 × 0.16 × 365𝑑𝑎𝑦𝑠 × 24ℎ𝑜𝑢𝑟𝑠 = 1401.60 𝑀𝑊ℎ 
The capacity factor is the ratio that a solar panel does work because it does not work all 24 hours a 
day[26]. In this case the ratio in the Pacific Ocean is between 16% and 30% [27] .The worst-case 
scenario should be taken; therefore, the number selected is 16%. 
1401,6 MWh is the energy that the plant in Tokelau provides to the island and it is bigger than 
651,154 MWh, which is the energy that people need in the house. This way it is verified that a 
population can be provided with electricity with only solar power.  
 
 
Image 8 City of Tokelau 
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2.2.3. Hydropower 
Water is the base for getting energy in hydropower plants. Usually a hydropower plant is placed in a 
river or a marsh. It is difficult to put a plant everywhere; it needs specific locations although when the 
plant is build a lot of energy can be created almost constantly. 
 
 Hydropower is one of the cheapest renewable energies because when everything is constructed, the 
energy source is always available, water. Besides the plant can produce energy 24 hours a day, 
because the water always flows through the plant[29].  
Furthermore, the costs of maintenance are low: the turbines are not very expensive and the possible 
reparations of them are cheap as well.  
Another advantage is that the flow of the water can be controlled and depending of what it is 
needed. In the one hand, sometimes the reservoir, where the plant is built, has a lot of water. Then a 
high flow of water can be achieved by opening the outflow doors. In the other hand, when the 
reservoir has a low level of water the outflow doors can be closed to minimize the flow of the water. 
In both cases the hydropower plant is always producing energy[30].  
Finally, another advantage of using hydropower is that the water used in the plant is reused for other 
things, such as for irrigating fields.  
However, the construction of the plant is very expensive and the locations of the plants are normally 
far from the cities. Therefore, the transportation of the electricity is expensive as well.   
Image 9 Hydropower plant[28] 
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Another drawback is that when a plant has to be built, rivers, towns and wildlife may be destroyed 
during the process.  
Nevertheless, the functioning of a hydropower plant is one of the easiest of the renewable energy; it 
is only coming from the flow of the water. In the image 9 it can be seen that the water from the 
reservoir flows through the plant until it reaches the turbine. Then, this one rotates and the 
generator produces electricity thanks to the movement of the turbine. Finally, the water comes out 
of the plant and returns to the river [31]Error! Reference source not found.. 
There are 2 types of hydropower plants. Briefly, the ones that need a dam and the one that does not 
need it. The most common is with a dam that can manipulate the flow of the water, image 9. 
However, the other hydropower plant is normally used when there is no need to put a dam or for 
example when there is a waterfall. The only thing that has to be done is to put the turbine in a place 
where it can gather the more energy as possible, image 10.  
 
Furthermore, there are 3 sizes of plants: Large (produces more than 30 MW), small (generates 10MW 
or less) and micro (capacity of 100kW). To put that on perspective, the micro plant can produce 
enough electricity for a farm, ranch or a village[33].  
Yakushima is the perfect example of how a city can be provided with energy exclusively using 
hydropower energy. This island from Japan has the perfect location for this energy to succeed.  
Image 11 City of Yakushima 
Image 10 Waterfall plant[32] 
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 It is an island in Japan with a population of 13178 inhabitants. Several hydropower and thermal 
plants are distributed through the entire island: a waterfall plant that produces 305242 MWh per 
year, Awa plant which produces 883 MWh per year and two others plants that are thermal [34]Error! 
Reference source not found..  
𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 × 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑝𝑒𝑟 𝑐𝑎𝑝𝑖𝑡𝑎 = 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑖𝑡𝑦 
13178 × 2241 𝑘𝑊ℎ = 29531898 𝑘𝑊ℎ → 29531.898 𝑀𝑊ℎ 
The electricity per capita in Japan can be found in Graph 3, and then if the calculations with Eq.1 are 
made, the result is that Yakushima needs 29531.898 MWh for the population. 
As it can be seen, the production of energy of the waterfall plant, 306125 MWh, is bigger than the 
energy that the population needs.  
2.2.4. Biomass and Biogas 
Biomass and Biogas are two different kind of producing energy although they use the same principle, 
animal or vegetal waste. In the present study both energies are described together, though in the 
implementation chapter they are used as two different types of energy. 
These energies basically consist on reusing the wastes of the nature to produce energy. Biomass uses 
wood or plants that are not useful and biogas plants uses methane from the cow manure, to mention 
some examples. 
On the one hand, an example of biomass could be when a tree is cut. There are parts that are not 
useful because are too small, then this parts are collected and burn to create energy. Besides, these 
trees that are cut are planted again to produce more energy.  
These wastes are put in a tank where all of them are burnt; it produces heat that boils water and 
converts into steam. Then the steam goes through turbines that rotate and finally it arrives to the 
generator who produces electricity thanks to the movement of the turbines [35]Error! Reference 
source not found..   
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However, depending on the wastes that are burn it produces more or less energy. In the next table, 
there are some examples of it:  
 Table 1 Energy production depending of the material is burned [37] 
 
 
 
 
Material MJ/Kg Kwh/kg 
Grass 4 1.11 
Straw 15 4.17 
Dung 16 4.44 
Domestic waste 9 2.50 
Paper 17 4.72 
Wood 12 3.40 
Image 12 Biomass to electricity [36] 
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On the other hand, an example of biogas is when the manure from the cows is collected in a tank and 
then a bacterium is put inside it, therefore, methane is isolated. Then the gases are transported and 
burnt, this heat produces the water to boil and convert into steam. Finally, the steam goes through 
the turbines and the generator produces the electricity.   
Furthermore, there are more things that can be produced with biogas, for example fuel for 
transportation. If biogas is compressed the same way as natural gas is compressed to CNG 
(Compressed Natural Gas) then it can be used to power vehicles[38]. There are some towns that 
produce the fuel for the transportation of the vehicles, for example Dardesheim[39].  
The average calorific value of the biogas is about 21-23.5 MJ/m3 or 6kWh, which means that only 
2kWh are used for electricity. Here are some examples of material used for biogas and the energy 
created:  
Table 2 Energy produced per 10 animals waste [40] 
Material kWh 
Cow manure 1.13 
Pig manure 1.94 
Poultry manure 5.08 
 
Moreover, apart from electricity, biomass and biogas are usually used for heating water and heating 
space, because the process produce hot steam that can be reused for heating. If more information is 
needed, chapter 4 goes deeper in subject.  
[41]However, there is one big drawback: When these resources are burnt, they produce more 
emissions of methane as the non-renewable sources and it is harmful to the earth. Still, the emissions 
of CO2 are less compared with the fossil fuels[42].  
The capacity factor is a key factor that helps producing more energy. Biomass has a capacity factor 
that varies from 3% to 95%. The range is so high because of the quality of the material that is burnt. If 
the wastes have low quality, mix of elements that not burn well together, less energy is produced, as 
it can be observed in table 1[43]. The same problem happens with biogas, depending of the wastes 
that are used; more or less energy is produced[44].  
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The city selected to study, based only with biomass and biogas, was Kisielice from Poland, which has 
a population of approximately 2300 inhabitants. Kisielice is renewable thanks to the wind turbines 
that produce the majority of the energy. Moreover, the village has two important plants: a biogas 
plant of 1MW and a biomass plant of 6MW that are used basically for heating and it provide 85% of 
the heat that the population needs. However, the example is done assuming that the two plants 
produce only electricity and the houses in Kisielice are 100% electrical[46].   
Using the Eq.1 already mentioned above the electricity of households is calculated: 
𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 × 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑝𝑒𝑟 𝑐𝑎𝑝𝑖𝑡𝑎 = 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑖𝑡𝑦 
However, the same problem as Tokelau happened here. The information about electricity per capita 
is not found in Graph 3. Image 1 show that Poland consumes from 1000 to 2000 kWh per year and 
per household. It can be generalized that all cities from Poland consumes the same electricity. 
The worst-case scenario would provide with 2000 kWh per household. However, the electricity that 
is wanted is “kWh per capita” instead of “kWh per household”. Then the average persons that live 
per household in Poland have to be found (2.7). Finally, using Eq.2 the electricity per person can be 
found.  
𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑝𝑒𝑟 ℎ𝑜𝑢𝑠𝑒ℎ𝑜𝑙𝑑 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑝𝑒𝑟𝑠𝑜𝑛𝑠 𝑝𝑒𝑟 ℎ𝑜𝑢𝑠𝑒ℎ𝑜𝑙𝑑 = 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑝𝑒𝑟 𝑐𝑎𝑝𝑖𝑡𝑎⁄  
2000 𝑘𝑊ℎ 2.7 = 740.74 𝑘𝑊ℎ⁄  
The electricity is 740.74 kWh per capita and if it is multiplied per population the Electricity of the city 
is found as Eq.1 says.  
Image 13 Biogas and Biomass [45] 
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𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 × 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑝𝑒𝑟 𝑐𝑎𝑝𝑖𝑡𝑎 = 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑖𝑡𝑦 
2300 × 740.74 𝑘𝑊ℎ = 1703702 𝑘𝑊ℎ → 1703.702 𝑀𝑊ℎ 
1703.702 MWh is the energy that needs Kisielice for the houses. Now the energy of the biogas and 
biomass plant has to be found with Eq.3.  
𝑀𝑊 × 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑓𝑎𝑐𝑡𝑜𝑟 × 365𝑑𝑎𝑦𝑠 × 24ℎ𝑜𝑢𝑟𝑠 = 𝑀𝑊ℎ 
1 𝑀𝑊 × 0.4 × 365𝑑𝑎𝑦𝑠 × 24ℎ𝑜𝑢𝑟𝑠 = 3504 𝑀𝑊ℎ 
6 𝑀𝑊 × 0.4 × 365𝑑𝑎𝑦𝑠 × 24ℎ𝑜𝑢𝑟𝑠 = 21024 𝑀𝑊ℎ 
Nonetheless, the capacity factor of the biomass and biogas is difficult to determinate, as it can vary 
from 3% to 95% depending of the wastes that are burn. Some examples are shown in table 3: the first 
column shows the capacity factor of the material, the second shows the energy created by a 1MW 
plant and the third column shows the energy created by a 6MW plant.  
Table 3 Electricity depending of the capacity factor for 1MW plant and 6MW plant 
Capacity Factor MWh/year MWh/year 
3% 262.8 1576.8 
20% 1752 10512 
40% 3504 21024 
50% 4380 26280 
70% 6132 36792 
80% 7008 42048 
95% 8322 49932 
Like the others examples the worst-case scenario is taken for biomass and biogas. The biogas plant 
should produce about 262.8 MWh and in the biomass plant 1576.8 MWh.  
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If Kisielice had only the biogas plant and had the worst capacity factor possible, it would not provide 
sufficient electricity to the population. It would need a material with a capacity factor higher than 3%. 
The same happens with the biomass plant. Using the next equation, Eq.4, the minimum capacity 
factor is found. 
 6 𝑀𝑊 × 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑓𝑎𝑐𝑡𝑜𝑟 × 365𝑑𝑎𝑦𝑠 × 24ℎ𝑜𝑢𝑟𝑠 = 1703.702 𝑀𝑊ℎ 
(Eq. 4) 
𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑓𝑎𝑐𝑡𝑜𝑟 = 1703.702 / (6 𝑀𝑊 × 365𝑑𝑎𝑦𝑠 × 24ℎ𝑜𝑢𝑟𝑠)  = 0.0324 = 3.24% 
𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑓𝑎𝑐𝑡𝑜𝑟 = 1703.702 / (1 𝑀𝑊 × 365𝑑𝑎𝑦𝑠 × 24ℎ𝑜𝑢𝑟𝑠)  = 0.1944 = 19.44% 
In order to provide sufficient electricity to the population, the biogas plant should burn material with 
a capacity factor higher than 19.44% and the biomass plant should burn material with a capacity 
factor higher than 3.24%. 
2.2.5. Thermal or Geothermal 
In order to ensure a proper understanding, it is considered to highlight the difference between 
thermal and geothermal energy. Thermal energy is the internal energy of an object, the more it 
moves, the more heat it produces. For example, when water is boiled, first the particles are quiet but 
when the heat arrives the particles begin to move and to produce heat. Thermal energy would be the 
one that makes move the particles of the water[47]. 
Then the geothermal energy is a part from the thermal energy, and it is the energy that it is stored 
and generated in the earth. Sometimes the heat that Earth produces can crack through the earth and 
arrive to the surface.  
Because geothermal energy is based on the movement of the particles it is usually used for heating 
although it can be transformed to electricity as well. 
 
Image 14 Geothermal plant in Iceland 
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Like others energies, the same principle are followed; using the steam to produce electricity. There 
are 3 different ways of collecting the steam, resumed in 3 different types of geothermal plants Error! 
Reference source not found.:  
 Dry steam plants: The steam that it is produced under earth is transported to the turbines 
and these ones rotate and in the same time the generator produces electricity.  
 Flash steam plants: Hot water from the earth is brought up to the surface and converted to 
steam. 
 Binary cycle plant: The same as the flash steam plants although the heating of the water is 
used for heating a liquid that needs less temperature to boil and it is converted to steam.  
However, a different method it is used for heating and cooling households using thermal energy. 
Usually, several pipes are installed inside the earth and they warm or cool the house. As image 15 
shows, the pipes collect heat during all the year and when winter comes, it can warm the house. In 
summer the heat of the house is brought to the earth and then it cools the house[49].   
Installing a system in the house can provide with heat in the winter and cooling it during the summer 
thanks to the energy stored in the earth. 
 
One drawback of geothermal energy is the high investment that has to be done to install a plant and 
not all the places can build it. A specific location has to be selected with at least steam or heat coming 
from the ground, commonly known as a hot spot, and sometimes these ones disappear because of 
the massive usage Error! Reference source not found.. Besides, some of the gases that it produces 
are not good for the environment, for example the release of the hydrogen sulfide.  
Image 15 Geothermal System for heating [50] 
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However, there are some good points too. As it is mentioned above, it can be used for heating 
houses, produce hot water and for producing electricity. Besides, it is constantly working; as 
hydropower, it can be used 24 hours per day because the steam is always flowing. 
Depending on the turbines that are used in the plant more or less energy is produced. The bigger the 
turbines are, the more energy it can produce[52]. 
The perfect example of geothermal energy can be found in Iceland, one of the top countries to 
produces this kind of energy. However, Iceland is the country that spends more electricity per capita 
(52373.88 kWh). 
Iceland has several plants with a total capacity of about 46.7 PJ, which produce 12972.22 GWh per 
year approximately. According to the energy consumption in Iceland, geothermal energy produced 
about 29% of the electricity needed in the country[53]. However, not all the geothermal energy is 
produced into electricity.  
 
Using the same formula as the other energies, Eq.1, the total electricity need for the house can be 
found.  
𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 × 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑝𝑒𝑟 𝑐𝑎𝑝𝑖𝑡𝑎 = 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑢𝑛𝑡𝑟𝑦 
323002 × 52373.88 𝑘𝑊ℎ = 1,69 · 1010 𝑘𝑊ℎ → 16916.86 𝐺𝑊ℎ 
In this case, 16916.86 GWh is the electricity that the population of Iceland needs and if it compared 
to the 12972.22 GWh it can be seen that is not enough to provide the electricity to all the population. 
However, in Iceland, the basic energy used for creating electricity is hydropower and geothermal is 
used to for heating. More details are given in chapter 3. 
 
Image 16 Utilization of geothermal energy 2013 [54] 
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2.3. Location of energies 
The localization of the energies is one of the keys to success to accomplish a city 100% renewable. 
Depending of where the plant is built, different types of energies should be used. Not all can be built 
everywhere, there are places where is more suited to install one energy than other, the efficiency of 
renewable energies depends of the weather.  
Another thing that has to be taken in account is the fact that, the plants that are built have to be 
located next to the. It would be a waste of energy and money to build a plant far away from the 
resources. For example, if a hot spot is found, the perfect location for the plant would be next to the 
hot spot, to increase the production of energy. 
In this chapter the best places to build each one of the energies are discussed. However, this does not 
mean that you cannot build them where you want. It just only a discussion of where are more 
effective. These energies can be built almost everywhere although it will not produce as much as 
wanted. 
 Wind 
As for the wind, the perfect location, mentioned in the previous chapter, is the offshore. In the sea, 
there is constant wind during all the year and almost all of the disadvantages of the turbines are 
vanished.  
However, there are places inshore that have constant wind as well. Previously a study of the wind has 
to be done during 1 year to see if there is wind constantly all the year Error! Reference source not 
found.. 
Then depending of the force of the wind, one type of turbines is built. To make a little summarize, 
there are 3 classes of wind. More information about class wind can be found in chapter 4.  
The worst places to put turbines are the ones where there are no turbulences or any variation of the 
weather; usually these places are not located in the equator[56].  
 Solar 
For the sun, it is the opposite of the wind; the more stable weather the better because the solar 
panel can gather more time the energy of the sun. If one place has sun during the majority of the 
year it can profit because the panels can work more time.  
That is why the best places to install photovoltaic panels and thermal panels are located in the 
equator.  
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Furthermore, another aspect that helps solar energy produce energy is the solar radiation. The more 
solar radiation, the more energy it can produce because the sun is stronger. In the equator the 
capacity factor is higher and it can produce more energy.  
 Hydropower 
When there is a long river or a big waterfall a hydropower plant can be placed and a lot of energy can 
be produced. It doesn’t matter much if there is raining all the year of it if is sunny.  
If the water freezes in winter and if in the summer there is no water because it is too hot, the place 
will not produce much energy. The only thing that matters is the continuous flow of water during the 
year.  
If a waterfall is constantly throwing water and the river has a constant flow of water during all the 
year, then these are the best places build a plant.  
Moreover, if the river has an expanded land next to the river, it could have the possibility to construct 
a damp and control the flow of the water. To construct a hydropower plant, there are 3 basic 
characteristics: Head, flow and efficiency. If more details of these aspects are wanted, chapter 4 goes 
deeper in the matter.  
However, sometimes building a damp would create a marsh and it would raise the price of the 
construction and disrupt the fauna of the place. 
 Biomass and biogas 
These two types of energy can be placed almost everywhere. If there are wastes of food, animals or 
vegetal waste to burn, then a plant can be built and create energy. You can create your own residual 
material or you can buy it to people that do not use it.  
However, these plants are more suited to be built in the countryside because there is more vegetal 
waste, like grass and animal waste. These places have farms full of animals and extended yards with 
vegetal wastes. 
Another reason why it is more suited to build a plant in the countryside is because the transportation 
is easier; the wastes do not have to be transported far away. 
 Geothermal 
One of the requirements to install a geothermal plant is to have energy coming through the earth in 
form of hot steam or hot water. Although, it has to be constant through all the year and have big 
enough temperatures to build a plant next to it. Because if the steam coming through the earth is 
slim or the temperatures are low, less energy would be produced.  
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This is why it is one of the most complicated energies to find places to build them, as the places that 
have those characteristics are very limited.  
2.4. Overview 
Between chapters 2.5 and 2.6, a general view of the characteristics of the cities that are 100% 
renewable is done. Which are the most common energies used, where are the places that install 
them and how much people lives in those places.  
In the next graph, it can be seen the percentage of energies used in all the green cities (28).  
 
The most common energy is the wind; more than 80% of the green cities have this source of power 
to produce electricity and the less used is geothermal; almost 20% of the cities used it.  
Wind is in almost all the green cities because is relatively easy to build a turbine and the location of 
most of green villages is in the countryside. Most of them share their lands of agriculture with wind 
turbines. Moreover, small wind turbines can be built in most places.  
Due to the location of the green cities, in the countryside, a lot of vegetal and animal wastes are used 
for producing energy that is why more than 50% uses biomass and biogas.  
Furthermore, the solar power is found in almost 70% of renewable cites because it is used for heating 
and for electricity and it easy to install. 
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Graph 5 Percentage of energies used in cities that are 100% renewable 
Analysis of community owned renewable energy   
  29 
As point 2.4 argues, geothermal energy has some specific locations that are very complicated to 
achieve, that is why, not even one out of fifth cities use this type of energy.  
Something similar happens with hydropower energy. The location has to be near a river or waterfall 
and not all the cities are next to one. That is why less than 40% of the green cities use hydropower 
energy. 
 
As it can be seen in graph 6, three out of four green cities are located in Europe. That is because of 
the wealth, that these parts of the world have and the sensitivity of the population. 
The majority of these cities are located in Germany or the northern part of Europe, where they have 
more money, and they are much concern about the pollution produced nowadays, so they try to go 
with renewable energies.  
America and Asia are still growing in renewable energies, especially in USA, which are developing and 
studying how to improve these ones.  
Oceania and Africa do not have much money to invest in renewable energies. Expect from Tokelau 
and some other projects, which are lucky to find someone that can do the big initial investment for 
them.  
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Graph 6 Countries that have cities 100% renewables 
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2.5. Population’s fear and expectations 
In graph 3, the population in all green cities are studied and it is distributed in 3 types of population, 
village (<1000 inhabitants), town (1000-20000 inhabitants) and city or country (>20000 inhabitants) 
[57]Error! Reference source not found..  
 
The more population, the more energy needed. When it is village (less than 1000 persons) is 
relatively easy to produce energy. However, producing energy for more than 20000 persons is much 
difficult. 
Two examples are done to understand how different is producing energy for 1000 or for 20000. To 
make the example fair, the same country is selected in these cases, for example Germany. Moreover, 
one type of energy is selected: image 4 (Chapter 2.3.1) it would give us how many wind turbines are 
needed.  
In the one hand, an example of a village with a population of 1000 inhabitants. In this country, a 
person uses 1731 kWh of electricity per year, so a village of 1000 needs 1731 MWh (Using Eq.1).  
𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 × 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑝𝑒𝑟 𝑐𝑎𝑝𝑖𝑡𝑎 = 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑖𝑡𝑦 
1000 × 1731 𝑘𝑊ℎ = 1731000 𝑘𝑊ℎ → 1731𝑀𝑊ℎ 
Graph 7 Percentage of population of green cities 
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Using image 4, if 2 wind turbines of 600 kWh of output are built, they produce more than what the 
village need, 2500 MWh. With only 2 wind turbines it can produce enough electricity for the 
households of a village.  
In the other hand, if the population of the city is 20000 inhabitants, it would need 34620 MWh of 
energy, using Eq.1.  
𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 × 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑝𝑒𝑟 𝑐𝑎𝑝𝑖𝑡𝑎 = 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑖𝑡𝑦 
20000 × 1731 𝑘𝑊ℎ = 34620000 𝑘𝑊ℎ → 34620𝑀𝑊ℎ 
That would need at least 28 turbines of 600 Kw of output to produce electricity to all the households.  
Using the same turbines to produce electricity, a small village would need only 2 turbines are needed 
and city would need at least 28 turbines to give electricity to all the households.  
Comparing the two outputs, the money that has to be invested in a city with more than 20000 would 
be more expensive and in consequence more difficult to accomplish.  
Therefore, there are 4 examples of countries or cities that can produce energy for more than 20000 
of citizens: Schleswig-Holstein (State of Germany), Iceland, some rural populations of China and 
Burlington (City of USA).  
To produce that much energy for all the population several plants have to be located separately to 
distribute the energy through all the country or city. For example, Schleswig-Holstein produces a lot 
of energy thanks to the wind, is one of the windiest states of Germany, so they built a lot of onshore 
Image 4 How much energy a wind turbine can produce 
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turbines, which produce 5896 MWh. Furthermore, a lot of solar panels are built in the rooftops of the 
houses to help with the creation of electricity and heat[58].    
Nonetheless, the population has some fears; the most common is if they will have electricity all the 
time. One solution is building more renewables energies or even having extra suppliers, which can be 
non-renewable, which can be used for emergencies. A perfect example of the resolution of this 
problem is Tokelau; they use solar energy as the main resources of energy although when it does not 
produce enough energy they have a backup diesel generator.  
Regardless, people have expectations on renewable energies. According to the consulting company 
of PricewaterhouseCoopers, 92% of German people support the renewable energy[59]. 
 
 
 The main reason why they want to install renewable energy is because nuclear power is phasing-out, 
it is follow by the shortage of fossil fuel resources and about 18% of it wants to reduce the carbon 
dioxide emissions. Moreover 8% disagree that the renewable energies are good and 4% have other 
reasons.  
However, not every country has the same reason, each one has its own although all the citizens from 
the world should be concern of damage we are doing the world.  
 
Image 17 Reasons why German support renewable energy 
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3. GREEN CITY 
In this chapter, Feldheim and Iceland are discussed to see how they reach being 100% renewable. 
Which energies are used, what issues they have with the renewable energies and how the population 
and the government interact with renewable energies.  
These two are selected because there are a lot differences from each other and more characteristics 
can be discussed.  
In the one hand, Feldheim is a village located in Germany with a population of 150 inhabitants. 
Nonetheless, of it is low population, it has a lot impact in the renewable energy. It has a wind park, 
which 99% of the energy produced is sold to others cities. With only one turbine they have enough 
energy for the village during all the year[60].  
The impact is so big that people from Feldheim have tours and events for people that want to know 
more about renewables energies.   
In the other hand, Iceland is a country located in the north of the Atlantic Ocean with 323002 
inhabitants. Iceland is one of the most develop countries that use geothermal energy, just to make 
numbers, 90% of heat and 30% of electricity of the country is provided thanks to geothermal 
energy[61].  
Moreover, the energy produced in Feldheim and in Iceland is divided in two districts, the electrical 
district and the heating district. In each one of the districts the energy is produced and stored.  
3.1. Discussion of energies 
In this section, the energies installed in Feldheim and in Iceland are shown and discussed. Like in 
chapter 2, the electricity of household it is calculated with Eq.1 and then compared with the overall 
energy of the city.  
𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 × 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑝𝑒𝑟 𝑐𝑎𝑝𝑖𝑡𝑎 = 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑖𝑡𝑦 
 150 × 1731 𝑘𝑊ℎ = 256650 𝑘𝑊ℎ → 259.65 𝑀𝑊ℎ 
The inhabitants of Feldheim use 259.650 MWh of electricity per year. 
𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 × 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑝𝑒𝑟 𝑐𝑎𝑝𝑖𝑡𝑎 = 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑢𝑛𝑡𝑟𝑦 
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323002 × 52373.88 𝑘𝑊ℎ = 1,69 · 1010 𝑘𝑊ℎ → 16916.86 𝐺𝑊ℎ 
In Iceland, the total consumption is 16916.86 GWh. 
3.1.1. Wind 
In Feldheim, 42 turbines are installed with an electrical capacity of 81.1 MW. If calculations with Eq.3 
are used, it can be seen how much energy is produced. Moreover, the capacity factor of wind farms 
in Germany goes from 18% to 26%[62].  
𝑀𝑊 × 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑓𝑎𝑐𝑡𝑜𝑟 × 365𝑑𝑎𝑦𝑠 × 24ℎ𝑜𝑢𝑟𝑠 = 𝑀𝑊ℎ 
81.1 𝑀𝑊 × 0.18 × 365𝑑𝑎𝑦𝑠 × 24ℎ𝑜𝑢𝑟𝑠 = 127878.48 𝑀𝑊ℎ 
The energy produced is 127878.48 MWh, more than enough to supply electricity to the houses of 
Feldheim Error! Reference source not found..  
However, in Iceland wind energy is very difficult to build because it does not have constant wind; it 
works less than 50% of the time. Moreover, the visual contamination is a problem as well, the 
government even made a referendum to vote if wind turbines have to be build. Iceland is a country 
of natural parks, people that go there wants to relax in the nature and do not want to see something 
artificial[64]. 
Nonetheless, the turbines installed in Iceland produce almost 5.4 GWh per year; it could provide 
electricity to approximately 100 inhabitants in Iceland[65]. 
3.1.2. Solar 
The village has 9844 modules that are mounted in trackers. The final output of those are 2748 MWh 
per year, to put in perspective, it can cover around 600 household of 4 persons.  
In Iceland, though, the solar energy it is hardly used because the solar radiation is very low and in 
winter there is no sun at all. That is why there is not much solar panel registration in Iceland. There 
are few habitants that have solar panels. 
3.1.3. Hydropower 
Feldheim has no hydropower source; with the other types of renewables energies it has sufficient 
energy for all the inhabitants.  
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However, the hydropower energy in Iceland is very important. It produces 73.3% of the electricity of 
the country, about 13.8 TWh per year.  
Iceland has 53 plants spread around the country, as it can be seen in Image 18. There are 9 plants 
that have a capacity from 48 MW to 690 MW and 44 more that have less than 45MW[55].  
 
3.1.4. Biogas 
Feldheim has a heating supply thanks to biogas and electricity together[66].   
In Feldheim the biogas plant is used for heating and for electricity. This one has an electrical capacity 
of 526 kW that is about 4000 MWh per year. The material used in the plant is manure, maize and 
wholegrain cereal.  
The heat produced during the power generation is separated into the district heating grid that 
supplies the local inhabitants, farms and enterprises.  
Thanks to being renewable, the citizens of Feldheim save 259000 liters of heating oil every year.   
Usually, biogas is used for heating and in Iceland the vast majority of heat comes from geothermal, 
that is one of the main reasons that Iceland does not use biogas as a source of energy.  
 
Image 18 Installed hydropower capacity 2015 [54] 
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3.1.5. Biomass 
The biomass plant in Feldheim is used only for heating supply and used in peak periods, for example 
in cold winter mornings. The material used for burning is the woodchips and the capacity of the plant 
is 5 MW.  
The same problem as biogas happens with biomass in Iceland. The biomass plants are used for 
heating and Iceland has a district heating that uses geothermal energy.  
 
3.1.6. Geothermal [61] 
In Feldheim, geothermal energy cannot be found because there are no hot spot in Germany. It does 
not have heat coming from the ground, so geothermal plants are rarely built in Germany.  
Nonetheless, in Iceland they take advantage of this energy because the country is found in a hot spot 
of steam and water.  
  
As image 19 shows, there are 7 geotheraml plants installed that produce over 5000 GWh/year, that is 
almost 29% of electricity of the country. Moreover, these plants also generates heat, more preciasly 
96% of the heat consumed by the country it is provided thanks to geothermal plants.  
Image 19 Geothermal Electricity Generation  
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3.2. Overview 
In this section, a discussion about different aspects of Feldheim and Iceland is done. Firstly, how it can 
vary the energies between one place and another. Secondly, how does the installation work. Thirdly, 
how it reacts the population to such changes. Fourthly, what issues they found nowadays.   
3.2.1. Location 
Depending on the place that wants to be renewable some energies are used and others not. As it can 
be seen previously on this chapter, Feldheim uses wind, solar and biogas. However, Iceland uses 
hydropower and geothermal.  
Taking profit of the land is basic. In the one hand, Iceland is a country suited perfectly to install 
geothermal energy because of the hot spot it has. In the other hand, Feldheim does not have hot 
spot, so installing geothermal energy would waste money and energy from the government.  
Moreover, Feldheim is a placed suited to install wind energy because of its constant wind during all 
the year, though in Iceland the variation of wind makes it difficult to install turbines. 
That is why, before installing renewables energy a study of the environment in the place has to be 
made. To makes sure that the most suited renewable is installed.  
3.2.2. Installation 
The installation in Feldheim was relatively easy. It began by installing some wind turbines and some 
solar panels. And step by step they keep building the wind farm and finally the installation of the 
biomass and biogas plant. 
Iceland had been using renewable energies since 1904 although it was not until 1921 and 1930 that 
the first big installing of hydropower and geothermal energy was built, respectively. The government 
creates the district heating and began giving heat to a small part of Reykjavik and with the years it 
became bigger until it reaches all the capital, the evolution of heating district can be seen into the 
Annex. The installations, for electricity and heat, are done in the underground, next to cable of 
electricity, and then into every house of the city or village.  
All the houses have an energy meter that counts how much hot water is consumed and then pay for 
what is consumed. Moreover, there are 13% of taxes to get hot water from the district heating 
(Geothermal resource). These taxes get bigger because the installation is becoming more expensive 
and it is more difficult to find hot spot where to build a geothermal plant.  
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Nonetheless, there are some houses that have an energy meter that the government wants to get rid 
of. These meters have a capacity of hot water and if hot water is finished then you do not have more 
water. The government is trying to change them for the actual meters that make you pay for what 
you consume[67].  
The installation where done step by step, so the cost of it was distributed during all the years. 
Moreover, the majority of the money spend was given by the government of Iceland. 
3.2.3. Population 
The inhabitants of Feldheim wanted to make the change to renewable energies and they gave full 
support to the government. Thanks to the full support of the population the government used saving 
from the utility budget to pay for the initial contract services. Moreover, the German government 
gives them funds because of the installation of renewable energies.  
Furthermore, the citizens from Feldheim do some tours around the village to show how they 
achieved being renewable.  
The citizens from Iceland have renewable energy since 1930, so they did not change much during 
these past years. Nowadays, they develop new technologies to improve the one they have and they 
even have a university specialized in renewable energies[64].  
While talking with them, they were saying that they do not remember any change to become 
renewable. It is natural from them to use these resources; they have been using those more than 80 
years.  
3.2.4. Issues 
On the one hand, in Feldheim, there are minor issues like although there is no big deal. The major 
problem they have is political sensitivity.  
In the other hand, the biggest issue that is found in Iceland is the search of hot spot to install 
geothermal plants. Nowadays, to find a hot spot it has to be drilled a lot further and sometimes is it 
not worthy because in a couple of months the hot spot does not produce sufficient heat to install the 
plant.  
However, the government helps the citizens that want to install geothermal plants. There are some 
villages that are located far from the geothermal plant and the hot water that arrives in those places 
is colder than next to the plant. In those cases, and others, the government helps finding a hot spot.  
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When drilling is made, the government pays for it. If a hot spot is found, then the citizens that want a 
geothermal plant have to pay back the money received and a plant is build. However, if a hot spot is 
not found then the government pays almost all the drilling.  
  Jordi Arrojo Salvat 
40   
4. IMPLEMENTATION 
Thanks to the knowledge gathered from the other villages that are 100% renewable, an example is 
done in the chapter using a city from Spain, Avià.  
First, some assumptions are done to ensure the calculations follow the same path. Moreover, 
explanations of heating space and heating water are included in this chapter.  
Secondly, different aspects of the village, such as population, are used to calculate how much energy 
it needs the population.  
Thirdly, the renewable energies are selected and calculations are done to see if it can provide 
sufficient electricity to all the population and the different buildings.  
4.1. Assumptions 
Two templates are done: a basic one that has information about Catalonia, and the second template 
include information of countries of the world. The basic template it is used to see if the calculations 
are correct, to do so, a village from Catalonia is selected, Avià. Then, when all calculations are correct, 
the second template uses the calculations to create a new template with a wider range of data. 
Which conclude in a template that can be used almost around the world.  
In the calculations done further, the electricity from the households and services is included in the 
calculations. Nonetheless, transport and industries are not included because we are assuming that 
the studied will be made by small village that do not have industry.  
Therefore, the calculations include buildings that are usually found in villages and cities, such as 
hospitals or schools. However, some buildings can be considered equal to others. Therefore 6 
categories are selected and examples of each one of the categories are shown: 
1. Hospital 
2. School 
3. Supermarket, gas station 
4. Hotel 
5. Office, city hall, police station, fire station, museum, post office, church, library, shops 
6. Restaurant, bar 
Supermarket and gas station can be put together because they sell the same products and have 
almost the same characteristics.  
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Category five, include public buildings because they have the same characteristics as an office.  
If a village has a special building that cannot be included in one of the six categories, the energy 
consumption (kWh/m²) has to be found for this specific case.  
Apart from these 6 types of building, street lighting is another aspect of a village that has to be taken 
in account. A general case is taken to make the calculations of how much street lightning is needed.  
Moreover, the calculations are based on kWh/m² of total energy consumption (heat and electricity 
together). The more is constructed; the more energy consumption has.  
Nonetheless, not always heat and electricity can be related. When houses or buildings are 100% 
electrical, then it can provide all needs with only one type of renewable energy. However, if these 
buildings are not 100% electrical then different types of renewables have to be used. For example, 
use thermal panel for heating and wind power for electricity. 
The most common method used for the cities 100% renewables is using a system for heating and one 
or more systems for electricity, heating district and electricity district. 
There are two types of heating: space heating and hot water. However, both can be provided with 
the same system. The best renewables energies that produce heat are: Solar, Biomass, Biogas and 
Geothermal. The other renewables energies cannot produce heat, only if there is a system that can 
transform electricity into heat, like heat pump.  
In graph 8, it can be observed the quantity of energy needed for heating m² in buildings from 
different countries. Poland is the country that uses more energy per m², 252kWh/m². More than 2 
times the energy that Portugal needs, 97kWh/m². Moreover, in graph 9, shows energy per house 
Error! Reference source not found..   
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In every country, the quantity of heating for space is different because of the temperatures in each 
one of them. In northern Europe is much colder than the south of Europe, so they have to use more 
energy for heating space. Moreover, if the house is bigger more energy is needed. That explains why 
Denmark uses more energy for heating, because it has bigger houses than Poland.  
The same happens with hot water, although the difference is not as big as space heating. For 
example, in UK they use 16,8 MJ/per day per house to heat the water [69] or 1703 kWh/year per 
house and Spain use 1877 kWh/year per house[70].  
However, the energy for heating is not the same for all the buildings. For example, a hospital from 
USA consumes is 786 kWh/m² per year and a house from the same country uses 147 kWh/m² per 
year. The difference of energy needed is higher and it has to be implemented in the calculations[71].  
Therefore, two cases are studied. When buildings are 100% electrical and when there are not 100% 
electrical. To differentiate the 2 cases that are studied, different names are selected to not 
misunderstand the calculations. The first case, 100% electrical, is calculated as energy and includes 
heat and electricity as one source of energy. The second case, not 100% electrical, is separated into 
two parts: heat and electricity.  
In conclusion, there are 3 different calculations are done. Firstly, energy (heat + electricity together). 
Secondly, electricity. Thirdly, heat. 
 
Graph 9 Energy used for space heating (kWh/m²) [68] Graph 8 Energy used for space heating (kWh/ per year 
per House) [68] 
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Summary of assumptions: 
 Two Templates: Catalonia +World 
 Data used for the template is from Catalonia and the World 
 Calculation of energy from Services and Households 
 No calculations of energy for industries or transportation 
 Six categories of buildings + street lighting + extra building that does not fit one of the six 
categories 
 The energy of buildings is calculated in kWh/m² 
 First case: energy 
 Second case: heat + electricity 
4.2. Calculations 
Before calculating the renewable energies, first the energy of the city has to be found. Following the 
assumptions, the transportation and the industries are not included in the calculations.  
The energy of the household is calculated using the Eq.1.  
𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 × 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑝𝑒𝑟 𝑐𝑎𝑝𝑖𝑡𝑎 = 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑜𝑓 ℎ𝑜𝑢𝑠𝑒ℎ𝑜𝑙𝑑 
2225 × 1530 𝑘𝑊ℎ = 3404250 𝑘𝑊ℎ 
Moreover, the energy that the services need is calculated thanks to different types of buildings. As 
the assumptions says: Hospital, school, supermarket, hotel, restaurant and office. These different 
types of buildings have different energies per m² and using the next equation, Eq.5, the total energy 
is found.  
𝑚² 𝑜𝑓 𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔 × 𝐸𝑛𝑒𝑟𝑔𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔 (𝑘𝑊ℎ/𝑚²) = 𝑇𝑜𝑡𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦 (𝑘𝑊ℎ) 
(Eq. 5) 
480 𝑚² × 240 𝑘𝑊ℎ/𝑚² = 115200 𝑘𝑊ℎ 
Eq.5 is used for every type of building, so it has to be used at least 6 times. Lastly, the electricity of 
lighting the streets is calculated as well [72] using Eq.6.  
0.1𝑘𝑊ℎ/𝑑𝑎𝑦 𝑝𝑒𝑟 𝑝𝑒𝑟𝑠𝑜𝑛 × 365𝑑𝑎𝑦𝑠 × 𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 = 𝑇𝑜𝑡𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦 (𝑘𝑊ℎ) 
(Eq. 6) 
0.1𝑘𝑊ℎ/𝑑𝑎𝑦 𝑝𝑒𝑟 𝑝𝑒𝑟𝑠𝑜𝑛 × 365𝑑𝑎𝑦𝑠 × 2225 = 81213 𝑘𝑊ℎ 
When all the total energies from the buildings are found, the energy from the houses is added and 
the final energy consumption is found.  
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The calculations in the template include the two cases: only energy and heat + electricity. The first 
case is the total energy found and the second case is done by separating the final energy into 
electricity and heat. Separating these two concepts is done by knowing the usage (%) of each one of 
the buildings. E.g. the restaurant from Spain uses 20% of its total energy to provide heat and 80% for 
electricity. 
Then, two new equations, Eq.7 and Eq.8, have to be used because the energy of the building is 
divided into two different parts:  
𝑚² 𝑜𝑓 𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔 × 𝐻𝑒𝑎𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔 (𝑘𝑊ℎ/𝑚²) = 𝑇𝑜𝑡𝑎𝑙 𝐻𝑒𝑎𝑡 (𝑘𝑊ℎ) 
(Eq. 7) 
480 𝑚² × 48 𝑘𝑊ℎ/𝑚² = 23040 𝑘𝑊ℎ 
𝑚² 𝑜𝑓 𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔 × 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔 (𝑘𝑊ℎ/𝑚²) = 𝑇𝑜𝑡𝑎𝑙 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑡𝑦 (𝑘𝑊ℎ) 
(Eq. 8) 
480 𝑚² × 192 𝑘𝑊ℎ/𝑚² = 92160 𝑘𝑊ℎ 
Therefore, calculations of each energy are separated into 3 parts: Total energy, heat and electricity.  
However, not all the energies can provide heat, as it can be seen in the chapter 2. Depending of the 
renewable energy that is used, heat can be calculated or not. Then in some cases like wind, heat 
cannot be calculated.  
From here, the six renewable energies are calculated to know of much of it has to be installed in 
order to give sufficient energy to the city. Moreover, following the assumptions, each one of the 
energies is divided in 3 stages: energy, electricity and heat.  
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 Wind 
The selection of a wind turbine is determined by the force of the wind during all the year. Therefore, 
3 classes of wind are created in order to differentiate the specifications of turbines. In table 4, it 
shows the different types of wind and the annual average maximum speed that turbines have to 
endure[73].  
Table 4 IEC wind classes 
IEC Wind Class Annual average wind speed in m/s 
I 10 
II 8.5 
III 7.5 
Therefore, 3 wind turbines that can stand these 3 different classes of wind are studied to know how 
much energy they can produce depending of the wind.   
The information about the wind turbines is found in datasheet of wind turbines[74]. Moreover the 
Eq.9 for knowing the amount of energy produced by the wind turbines is: 
𝑃𝑜𝑤𝑒𝑟 (𝑘𝑊) × 𝐶𝑝 × 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑓𝑎𝑐𝑡𝑜𝑟 × 365𝑑𝑎𝑦𝑠 × 24ℎ𝑜𝑢𝑟𝑠 = 𝑘𝑊ℎ 
(Eq. 9) 
The power that the wind turbine creates is based on the wind power, Cp (coefficient power, the 
efficiency of based on the wind that blows) and capacity factor, it counts the losses of energy 
produced by the generator. Here are some examples of calculations for one turbine. 
𝐶𝑙𝑎𝑠𝑠1: 50 𝑘𝑊 × 0.43 × 0.2 × 365𝑑𝑎𝑦𝑠 × 24ℎ𝑜𝑢𝑟𝑠 = 37688 𝑘𝑊ℎ 
𝐶𝑙𝑎𝑠𝑠 2: 400 𝑘𝑊 × 0.5 × 0.2 × 365𝑑𝑎𝑦𝑠 × 24ℎ𝑜𝑢𝑟𝑠 = 350400 𝑘𝑊ℎ 
Moreover, another equation, Eq.10, is used to know how many turbines have to be built to ensure 
energy to all the inhabitants of the village.  
𝐼𝑓 (𝐸𝑛𝑒𝑟𝑔𝑦 𝑛𝑒𝑒𝑑𝑒𝑑 < 𝐸𝑛𝑒𝑟𝑔𝑦 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 → 1 𝑇𝑢𝑟𝑏𝑖𝑛𝑒 𝑛𝑒𝑒𝑑𝑒𝑑) 
𝐼𝑓 (𝐸𝑛𝑒𝑟𝑔𝑦 𝑛𝑒𝑒𝑑𝑒𝑑 > 𝐸𝑛𝑒𝑟𝑔𝑦 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑
→ 𝑎𝑑𝑑 𝑎𝑛𝑜𝑡ℎ𝑒𝑟 𝑡𝑢𝑟𝑏𝑖𝑛𝑒 𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑖𝑜𝑛𝑠 𝑡𝑜 𝑡ℎ𝑒 𝑒𝑛𝑒𝑟𝑔𝑦 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑) 
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𝑇ℎ𝑒𝑛 (𝐸𝑛𝑒𝑟𝑔𝑦 𝑛𝑒𝑒𝑑𝑒𝑑 < 𝐸𝑛𝑒𝑟𝑔𝑦 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 → 2 𝑇𝑢𝑟𝑏𝑖𝑛𝑒𝑠 𝑛𝑒𝑒𝑑𝑒𝑑) 
𝐼𝑓 𝑁𝑜𝑡 𝑎𝑑𝑑 𝑎 𝑡𝑢𝑟𝑏𝑖𝑛𝑒 𝑖𝑛 𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑖𝑜𝑛𝑠 𝑢𝑛𝑡𝑖𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑛𝑒𝑒𝑑𝑒𝑑 < 𝑒𝑛𝑒𝑟𝑔𝑦 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑) 
(Eq. 10) 
Nonetheless, these calculations are done for the first case (only energy), then it should be separated 
in two parts: heat and electricity. However, heat cannot be provided with wind energy and electricity 
can. Then, the new electricity is calculated using the same equations as before although the energy 
from the heat is not added to the equation.  
Finally, the template shows three turbines of class I, II and III. Each one of those shows the wind 
turbines needed to provide energy to the village thanks to different annual velocities of wind, as it 
can be seen in Image 20.  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Image 10 Calculations of wind turbines 
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 Solar 
There are two types of panels, photovoltaic panels (for electricity) and the thermal panels (for 
heating). Therefore, two types of calculations are done to differentiate between heat and electricity. 
The calculations are done assuming that the panels have an orientation of 0º and an inclination of 
40º (average efficient[75]). Then a study month to month of the solar radiation has to be done to 
know the energy produced of 1 m² of panel.   
However, the solar radiation is not the same around the world, there are 6 types of zones depending 
of the intensity of the sun.  
 
As it can be seen in Image 21, the solar radiation goes from 1 to 7 kWh/ m². Nonetheless, the data 
from all spectrums is difficult to find. So, in this case, the solar radiation used is reduced. In fact, the 
solar radiation used, is from Catalonia and the zones are distributed using Image 22:  
 
 
 
 
 
 
 
Image 21 Solar Radiation in the world [76] 
Image 22 Solar radiation in Catalonia [77] 
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Table 5 Range of Solar radiation in Catalonia 
Zone Solar Radiation Range in kWh /m² 
I 3.7-3.85 
II 3.85-4 
III 4-4.15 
IV 4.15-4.3 
To do the calculations of each one of the zones, four cities are selected inside these ranges: Llançà, 
Girona, Manresa and Tarragona.  
Afterwards, the Rg (Solar radiation) in kWh/m²/day in these four cities has to be found for each 
month. Note that not every country has the same solar radiation, so for every case the Rg has to be 
found. Then, the calculations for the case of electricity can be done using Eq.11: 
𝐸𝑛𝑒𝑟𝑔𝑦 (
𝑘𝑊ℎ
𝑚2
) = 𝑃𝑜𝑤𝑒𝑟 (𝑊) × 𝐸𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 ℎ𝑜𝑢𝑟𝑠 (
𝑅𝑔
1000𝑊
) 
(Eq. 11) 
𝐸𝑛𝑒𝑟𝑔𝑦 (
𝑘𝑊ℎ
𝑚2
) = 150 𝑊 × (
3.19
𝑘𝑊ℎ
𝑚2
1 𝑘𝑊
) = 479.17
𝑘𝑊ℎ
𝑚2
 
The equation is used for each month because the Rg changes during all months. The next step is to 
add the energy from all the months and a total energy of the year is calculated.  
Finally, to know how many m² is needed the next equation is used, Eq.12:  
𝑚2𝑛𝑒𝑒𝑑𝑒𝑑 = 𝐸𝑛𝑒𝑟𝑔𝑦 𝑑𝑒𝑚𝑎𝑛𝑑 𝑦𝑒𝑎𝑟 (𝑘𝑊ℎ)/ 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑒𝑛𝑒𝑟𝑔𝑦 (
𝑘𝑊ℎ
𝑚2
) 
(Eq. 12) 
𝑚2𝑛𝑒𝑒𝑑𝑒𝑑 = (4943369(𝑘𝑊ℎ))/ 8710 (
𝑘𝑊ℎ
𝑚2
) = 568 𝑚² 
The same basics are used for the thermal panels. However, the energy that has to be found is the 
total Rg of the months instead of the day (the summation of all the day of the month).  
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To calculate the surface of thermal panel, four things are needed: the solar coverage (f), energy 
demands of the heat needed a year (Ed in kWh), the efficiency (η) and the solar radiation (Rg in 
kWh/m²).  
The solar coverage is 0.6 and the efficiency is 0.3[75].   
Then the total radiation of the year is calculated with Eq.13.  
𝑆𝑢𝑟𝑓𝑎𝑐𝑒 (𝑚2) =
𝑓 × 𝐸𝑑
𝜂 × 𝑅𝑔
 
(Eq. 13) 
𝑆𝑢𝑟𝑓𝑎𝑐𝑒 (𝑚2) =
0.6 × 1535057 𝑘𝑊ℎ
0.3 × 1767.45 𝑘𝑊ℎ/𝑚²
= 1737 𝑚² 
Calculations are done taking in account space heating and hot water. That is why the square meter is 
so high. In the summer space heating creates a lot of energy and wastes a lot of energy too. 
However, in winter the energy created is sufficient to provide hot water and space heating to all 
houses. 
 
Finally, the two cases are shown for each one of the zones. The first shows how many photovoltaic 
panels have to be built to provide energy. The second case shows the same although it separates the 
energy into heat and electricity, thermal panels and photovoltaic panels. 
The calculations done in solar energy, the demand of energy needed for each one of the cases is 
different. For electricity the total demand is used, then, when the next part has to be done, it is 
separated into two different demands, the demand of heat and the demand of electricity. These can 
be seen in Image 28, almost at the final of the chapter. 
 
 
Image 23 Calculations of solar energy in the template 
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 Hydropower 
For the calculations, 3 aspects of hydropower plants are studied: Head, flow and efficiency. Head (m) 
is the distance between where the flow of the water until the powerhouse, where the turbines 
produce the energy. Flow (l/s) is how much water is going through the stream and the efficiency is 
how much energy is lost during the process. Image 24 shows a perfect diagram of a hydropower 
plant. 
 
 
The minimum head to produce energy is 2 m, the minimum flow is 20l/s and the efficiency can go 
from 40% to 60% Error! Reference source not found.. Knowing the limits to produce energy, a table 
with different variables is used to know which case is the best. All of them use the same equation to 
know the power of the plant, Eq.14.  
𝑃𝑜𝑤𝑒𝑟 (𝑊) = 𝐻𝑒𝑎𝑑 (𝑚) × 𝐹𝑙𝑜𝑤(𝑙/𝑠) × 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 × 𝐺𝑟𝑎𝑣𝑖𝑡𝑦  
(Eq. 14) 
𝑃𝑜𝑤𝑒𝑟 (𝑊) = 2 𝑚 × 20 𝑙/𝑠 × 0.6 × 9.81𝑁/𝑘𝑔 = 235.44 𝑊 
𝑃𝑜𝑤𝑒𝑟 (𝑊) = 15 𝑚 × 30 𝑙/𝑠 × 0.4 × 9.81𝑁/𝑘𝑔 = 1765.8 𝑊 
Moreover, to know the energy produced the Eq.15 is used. 
𝑃𝑜𝑤𝑒𝑟 (𝑊) × 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 × 365𝑑𝑎𝑦𝑠 × 24ℎ𝑜𝑢𝑟𝑠 = 𝑘𝑊ℎ 
(Eq. 15) 
235.44 𝑊 × 0.37 × 365𝑑𝑎𝑦𝑠 × 24ℎ𝑜𝑢𝑟𝑠 = 763108𝑘𝑊ℎ 
1765.8𝑊 × 0.37 × 365𝑑𝑎𝑦𝑠 × 24ℎ𝑜𝑢𝑟𝑠 = 5723310 𝑘𝑊ℎ → 5.72 × 106𝑘𝑊ℎ 
Image 24 Head of Hydropower plant [78] 
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Besides, the case of heat and electricity is not calculated, only the part of electricity because 
hydropower energy cannot produce heat. 
 
 
 
 
 
 
 
 Biomass 
Depending of the material that it is burnt, more energy is it produced. Different types of materials are 
shown and then it calculates how much material it is needed to provide energy to the city with Eq.16.  
𝐾𝑔 𝑛𝑒𝑒𝑑𝑒𝑑 = 𝐸𝑛𝑒𝑟𝑔𝑦 𝑛𝑒𝑒𝑑𝑒𝑑 (𝑘𝑊ℎ)/(𝐵𝑖𝑜𝑚𝑎𝑠𝑠  𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙 (
𝑘𝑊ℎ
𝑘𝑔
) × 0.8) 
(Eq. 16) 
𝐾𝑔 𝑛𝑒𝑒𝑑𝑒𝑑 = 4943369𝑘𝑊ℎ/(2.5 (𝑘𝑊ℎ/𝑘𝑔) × 0.8) = 1,944𝑥106𝑘𝑔 → 1944 𝑡𝑜𝑛𝑛𝑒𝑠 
The 0.8 is the efficiency of the boiler. Using the same equation, the heat and electricity are calculated 
as well. Moreover, the material that is calculated is the one that can be found in chapter 2.2-4 in 
table 1.  
Therefore, the energy needed (demand) of each one of the 3 cases is different as well. It happens the 
same as the solar energy. The total demand, the electricity demand and the heat demand. 
 
 
 
 
 
Image 25 Calculations of hydropower 
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 Biogas 
The same principle as biomass is used in biogas material. Examples of biogas material are used to 
know how much animal waste have to be produced in order to provide energy to the population 
although the equation has a small variation, Eq.17. 
 𝐴𝑛𝑖𝑚𝑎𝑙𝑠 𝑚𝑎𝑛𝑢𝑟𝑒 = 𝐸𝑛𝑒𝑟𝑔𝑦 𝑛𝑒𝑒𝑑𝑒𝑑 (𝑘𝑊ℎ)/(𝐵𝑖𝑜𝑔𝑎𝑠  𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙 (𝑘𝑊ℎ/
10 𝑎𝑛𝑖𝑚𝑎𝑙 𝑤𝑎𝑠𝑡𝑒) × 0.8) 
(Eq. 17) 
𝐴𝑛𝑖𝑚𝑎𝑙𝑠 𝑚𝑎𝑛𝑢𝑟𝑒 = 4943369𝑘𝑊ℎ/(1,94 (𝑘𝑊ℎ/10 𝑎𝑛𝑖𝑚𝑎𝑙 𝑤𝑎𝑠𝑡𝑒) × 0.8)
= 250626 𝐴𝑛𝑖𝑚𝑎𝑙𝑠 
  
 
 
 
 
 
Image 26 Calculations Biomass 
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 Geothermal  
A geothermal plant can produce heat and electricity; it depends of how the steam is used for.  
To know how much electricity it can produce the next equation is used:  
𝑀𝑊 ≈ 𝐶𝑝 × 𝐹 × 𝛥𝑇 × 𝜂 − 𝑃 
(Eq. 18) 
𝑀𝑊 ≈ 4.185 × 70 × 50 × 0.1 = 1465 𝑀𝑊 
Where Cp is the specific heat of the working fluid (usually water: 4.185 kJ/K*kg); F is the flow rate (a 
minimum of 70 kg/s); ΔT is the difference of temperature between the reservoir and the rejection 
(from 50 to 150); η is the efficiency (10%) and P is the parasitic losses.  
There are a lot of parasitic losses, cooling the condensers, pumping the water, etc. These losses do 
not depend on the other variables. The energy calculated in this case is the net energy and the real 
energy is much lower, almost 50% of the net energy and sometimes bigger[79].  
When the energy wants to be used for heating, the hot steam can be used directly. Nonetheless, the 
temperature when arrives at buildings has to be minimum at 60ºC, this means that the temperature 
of rejection (when the hot steam is outside the plant) has to be high. The hot steam has to transport 
from the plant to the village and usually there are losses of temperature during the process. 
To know the heat, the output temperature of the geothermal has to be known to determine if it is 
possible to provide heat to all the inhabitants. If the output temperature is lower than 80ºC it cannot 
provide heat to the population.  
Image 27 Calculations biogas 
  Jordi Arrojo Salvat 
54   
4.3. Usage of template 
When all the calculations are done, a template can be done. There are two types of templates: 
Catalonia and World. The major difference between the two templates is that, the Catalan template 
has specific information of the country and World has less information because the range of 
information is wider and much complicated to find.  
Previously, the calculations done used a village from Catalonia to understand better the calculations 
and to view a practical case. Then, using the template from Catalonia, different aspects of it are 
commented below to understand better how it has to be used, which contest is better to develop 
and which are the aspects that need to be improved. The template of the World is commented as 
well as the Catalan template.  
4.3.1. Catalonia 
The basics information that the user has to know is the country, the population and the m² of 
buildings of the village or city. The other data is found in the different windows of renewables 
energies. The next steps show how to template works to make sure the calculations are correct:  
1. The user needs to know the city and the country that wants to be renewable. Then, when 
the country is selected the energy per household and the energy per capita are displayed 
next to it. 
2. The population has to be known.  
3. The m² of buildings have to be inserted next to it. To know which buildings are related to 
each other look in chapter 4.2.  
To make it easy to understand, an example of village from Catalonia (Avià) is selected with all the 
information needed.  
When these 3 steps are finished the energy, the heat and the electricity are calculated and shown as 
it can be seen in Image 28.  
Analysis of community owned renewable energy   
  55 
 
Before looking into the results, the best option would be gather information about the weather in the 
city. What kind of class wind has the village, the average solar radiation, if river or lakes are near the 
village, if biomass and biogas material can be collected and finally if it is located next to a hot spot for 
geothermal energy.  
The next step is looking the results shown in the windows of the template. There are 6 different 
cases. Each one with its advantages and drawbacks.  
The first window is the wind energy: 
1. Look the class of wind that has the village and then selected the table accordingly. E.g. If the 
average wind is 8.5 m/s during all the year, the table select is the class II. The class of wind 
can be looked up in chapter 4.3. Make sure you select the class correctly because if the wind 
is too strong or too low, the turbine may not produce as much as expected.  
2. When the table is selected, then different cases are shown in the table for different average 
wind. If you want to make sure the wind produce energy for everybody select a lower wind 
and install more turbines.  
The second window shows the solar energy: 
1. Select one of the 4 different zones of solar radiation and look the table accordingly. The 
range of the solar radiation goes from 3.7 to 4.3 kWh/ m². 
2. Two cases are displayed: the energy and the heat and electricity. It shows how much m² of 
panels are needed to provided energy to the population.  
The third window shows the hydropower energy: 
1. The table shows examples of different dimensions of a hydropower plant and if they can 
provide energy or electricity. Depending of the zone that is studied one type of plant can be 
built. E.g. if the village that wants to build a hydropower plant has a waterfall next to it, a 
bigger installation can be achieved. The characteristics of the plant are shown in the table.  
 
Image 28 Template 
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The fourth window shows the biomass energy:  
1. Three different tables are shown: energy, heat and electricity. Each one of them has different 
materials and the tones of animals needed to provide energy to the entire village.  
The fifth window shows the biogas energy:  
1. Three different tables are shown: energy, heat and electricity. Each one of them has different 
animals manure and how much animal wasted is needed to provide energy to the entire 
village.  
The sixth window shows the geothermal energy:  
1. The table shows different cases of energy created depending of the difference of 
temperature. However, the losses of the energy are not shows because are different from 
one plant to another. 
After looking the results, the next step is to select the energies that are more suited for the village. 
This step has to be done by the users that want to be 100% renewable, there a lot of solutions for 
each one village. The template gives several options that can achieved being 100% renewable 
although the final decision is taken by the user of the template.  
The user can combine different energies to provide electricity and heat. In chapter 4.4 an example is 
shown of how the selection can be done.  
Make sure when all the selections are done, that you can provide heat and electricity to all the 
inhabitants. Remember that wind, hydropower cannot provide heat. Moreover, if more energies are 
installed it would be better because it would give backup power for emergencies.  
4.3.2. World 
The same template done for Catalonia can be used as well for other villages of the world. However, 
there are some aspects that have to be changed for make for it available for everybody.  
First of all, the solar radiation has to change depending of the zone that the village is located. The 
range has to be wider, from 1 to 6 kWh/ m² instead of the range of 3.7 to 4.3 kWh/ m². 
Secondly, there is some data that is difficult to find about some countries because it in other 
languages or in places that is complicated to have access. It would be more suited to have more 
information of more countries to develop a tool that can be used for everybody in the World.  
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4.4. Discussion of cases 
In this section, a village from Catalonia, Avià, is selected and studied to see if it possible to accomplish 
being 100% renewable. Moreover, the discussion of the two cases mentioned above is done in detail 
to help the user of the template to understand it better.  
The renewables energies are selected accordingly to the necessities of the village and the location 
because not all energies can be built everywhere. Moreover, two cases of providing energy are 
discussed as well: only electricity and electricity + heat.  
Before going into detail in the discussion, the weather in the village has to be presented to help 
selecting the best options.   
The wind in the village is rare, it has no wind during all the year and it goes up to 6 m /s in windy days, 
which is why is a class III zone of wind. The solar radiation of the city is located in zone III of the solar 
radiation of Catalonia. Moreover, there is a river next to the village and in the reality; there is a 
hydropower plant that provides electricity to the village.  
The biomass and biogas material can be found because the location of the village is in the 
countryside and lots of animals live there. Finally, there is no hot spot to produce energy thanks to a 
geothermal plant.  
 
4.4.1. Energy 
The first case is energy. To begin with, an overall view of each one of the energies can be discussed.  
Wind energy is the first energy that is found.  As it can be seen, when the wind is less than 6 m/s it 
needs over 20 turbines and in those cases, the investment can be very expensive. Moreover, the 
wind in the village is rare, it does not go higher than 7 m/s during the year. Looking in the template, if 
only wind energy could be built, it will need between 12 and 18 wind turbines, if the wind was 
enough strong during all the year. The first impression is that building wind energy would be 
expensive and the efficiency of the turbines would be low because of the low wind of the village. That 
is why for now; wind energy is not selected to help us provide energy to the village.  
The next case is solar energy. In the template, the solar radiation it is used to make the calculations 
more accurate and know how much energy a solar panel can produce. The example uses a solar 
panel of 150W and leads to a total of 568 m² of solar panels.  
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Avià has 1176 households and 568 panels are needed. Almost one of two houses needs a solar panel 
to provide electricity. That is perfectly suited for this village because not much panels have to be 
built.  
The third case is hydropower. As it said before, Avià has a hydropower plant that can be used to 
provide electricity. In the reality, the village has a hydropower plant next to it, which provides almost 
all the electricity that it needs. Indeed, with a head of 5m and a flow of 80m/s it would provide all the 
energy that Avià needs. As well as solar energy, hydropower is perfectly suited for a village that wants 
to be renewable.  
The fourth and fifth case is biogas and biomass. Avià is located in the countryside and could have this 
biomass and biogas material that can be burnt. Biomass and Biogas can be used for extra supply 
when more electricity is needed because if are taken alone it would take tones of animals to provide 
electricity to the village. At least it would need 1500 tons of wood, for biomass and a little more than 
120000 manure, for biogas.  
Finally, geothermal is not taken as well because there is no hot spot near the village. Moreover, if a 
hot spot was found it would have to drill deeper than other places.  
To sum up, the most suited energies for this village are the solar energy and hydropower. The first big 
project will be building the hydropower plant although during the construction of which some solar 
panels could be built to create energy. Finally, after construction the hydropower plant, more solar 
panels could be built to help provide electricity to the population. It is safer to have more renewable 
energy installed in case one of them breaks.  
4.4.2. Electricity and Heat 
As 4.4.1 says, wind energy and geothermal energy are difficult to install in Avià so in this case as well, 
wind energy and geothermal are not included in the final project.  
Solar energy can produce heat and electricity although two types of panels have to be used: 1737 m² 
photovoltaic panels and 391 m² thermal. 
Combining electricity + heat it would need a total of 2128 m². To put it on perspective, every house of 
Avià would need at least 2 panels, combining thermal panels and photovoltaic panel.  
However, there could be a better energy suited to provide electricity, the hydropower plant installed 
next to the village. It could combine some photovoltaic panels for big buildings and use hydropower 
energy for all the other buildings.  
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Moreover, biomass and biogas could be used for heating and electricity, depending of the needs of 
the population. The electricity could be supplied with one type of energy and the other could provide 
heat. E.g. biomass could produce heat and biogas produce electricity. In any case, biomass and biogas 
could be used as a backup of energy production. 
In conclusion, the best combination could be installing the hydropower plant with some photovoltaic 
panels for the electricity. Then, for the heat, all the thermal panels could be installed and with the 
help of a biomass or biogas plant it could provide all the heat that the village needs. The biomass or 
the biogas plant can be used for peaks of cold weather and the population needs more heat.   
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5. CONCLUSION 
In the last chapter, a discussion is done to see if the initial objective of the thesis is achieved. The 
objective was to develop a tool or a model that tells the user how much energy it needs to 
accomplish being a green city. To do so, two templates are done, one for Catalonia and another for 
the World.  
5.1. Conclusions 
To begin with, the template done in this thesis is capable of giving the energy needed of a village or 
cities. The calculations done can be used for big or small village and give an accurate outcome.  
With only the population and the m² of the building that are in the village, it can calculate how much 
of each 6 renewable energies are needed to give energy to the population. Therefore, every energy 
goes deeper in detail. For example, wind energy has 3 different cases depending of the wind; solar 
energy has 4 possible zones of radiation; different types of hydropower plants are shown, depending 
of the characteristics that want to be installed; different types of biomass and biogas material that 
can be burnt and how much energy it produces; and the geothermal energy, that is the one that is 
not much precise because of the complexity of the parasitic losses. The energy shown is the net 
although with the losses it could be reduced more than 50%.     
When the calculations are done, losses of energy are taking in account to make the calculations more 
accurate. As it can be seen, all the renewable energies have some sort of efficiency that indicates 
how much energy it can be used in the final output.  
Moreover, the calculations use real turbines and solar panels. In the annex it can be seen, the 
datasheets of different types of wind turbines used and the datasheet of the solar panel used for 
making the calculations. That shows us that the results can be achieved in real life.   
The two templates can be used in a wide range of weather, from strong wind to low wind, a lot of 
different hydropower plants and a variety of biomass and biogas products. However, the solar 
radiation of the World could have a wider range because the total solar radiation of the World goes 
from 1 to 7 kWh/ m².  
Nonetheless, there are some aspects that can be improved such as: a variety of types of energy 
(more types of solar panels or wind turbines with greater power or lower power) and make an 
economical part although the next person that continues this work can do it.  
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To sum up, in the one hand, the template of Catalonia is model that can be used in all Catalonia and 
the calculations are precise. Which means that if a city from Catalonia wants to know how much 
energy it needs to be 100% renewable, the template shows a fair approximation of the energies 
needed although it would help to have wider range of energies. E.g. Have 3 or 4 different types of 
solar panels. 
In the other hand, the World template has a lot more information than Catalonia. A part form 
Catalonia it has a lot more countries that are studied and with only changing one square of the 
template, all the calculations can change from one country to another. However, there are some 
aspects that need to be improved, such as: the solar radiation, the data from other countries (some 
of them is difficult to find). 
To finish with, we can says that the template for Catalonia is fairly precise and can be used for cities 
of this country, indeed the template from the World can be used as well although it would need a 
little more research to be completed.    
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6. BUDGET 
6.1. Equipment 
The equipment used to do the thesis is a computer. More precisely, is an ASUS. The price of it is 
approximately about 600 €. The estimated utility life is about 3 years (36 months) and considering 
that the project was 6 months the total price is:  
600 ×
6
36
= 100 € 
  
Table 6 Cost of the equipment used in the thesis  
 Total cost (€) 
Computer 100 
 
6.2. Human resources 
 
Table 7 Cost of human resources used in the thesis 
 Work Hours Cost (€/h) Total cost (€) 
Teacher of Thesis Follow the 
project 
50 100 5000 
Student Elaboration of 
the project 
240 40 9600 
   TOTAL 14600 
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6.3. Total Cost 
Table 8 Total cost of thesis 
 Total cost (€) 
Equipment 100 
Human resources 14600 
TOTAL 14700 
The total cost of the project is about 14700 € although it needs to apply some extras: 
 The industrial benefit of 8%. 
14700 × (1.08) = 15876€ 
 The possible unexpected, approximately 10%. 
15876 × (1.10) = 17463.60€ 
  IVA of 21% 
17463.6 × (1.21) = 21130.96€ 
The total cost of the project is 21130.96 €. 
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dealers, qualified installers and dedicated technical service teams.
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downwind design. The E3120 delivers the lowest cost of energy in 
its class and operates best in lower annual average wind speeds than 
competing machines thus delivering higher than expected results. 
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E3120-4 50kW
E Series Specs E3120-4 50kW
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Application Direct Grid Tie
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triggered by
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Interface
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(PLC)
ERIC™ Endurance Remote 
Interface Centre
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Warranty
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E Series. Comprising the country’s largest portion of small wind 
turbines*, the E Series is supported by a large network of accredited 
dealers, qualified installers and dedicated technical service teams.
The E Series is quickly recognisable for its shapely nacelle and its 
downwind design. The E3120 delivers the lowest cost of energy in 
its class and operates best in lower annual average wind speeds than 
competing machines thus delivering higher than expected results. 
Endurance’s E3120 reputation is highly regarded for quality, 
reliability and service. High quality parts that are seamlessly 
integrated to create an elegant assembly that operates 
very quietly. A result of years of advanced engineering 
and technological refinement so every E Series works as 
beautifully as it looks.
The E3120 is perfectly suited for larger farms, schools, 
hospitals and commercial or industrial sites.
Endurance E Series
E3120-4 50kW
E Series Specs E3120-4 50kW
Turbine
Configuration Three blade, horizontal axis, downwind
Rated Power (kW) 50kW at 10 m/s
Application Direct Grid Tie
Rotor Speed (RPM) 43
IEC 61400-1 Turbine Class IIIA except annual average wind speed can be up to 8.5 m/s
     Maximum Average  
     Wind Speed (m/s) 8.5
     Survival Wind Speed   
     (m/s  / mph) 52 / 116
Cutout Wind Speed (m/s) 25
Overall Weight (kg / lbs) 3990 / 8800
Rotor
Rotor Diameter (m) 19.2
Swept Area (m2 ) 290
Blade Length (m) 9
Blade Material Fiberglass Composite
Power Regulation Stall control
Generator
Generator Type Asynchronous, Induction
Configuration 3-phase, 400 VAC, 50 Hz
Brake & Safety Systems
Main Brake System Rapid Fail-Safe dual mechanical brakes
Secondary System Spring-loaded pitch mechanism for over-speed regulation
Automatic Shutdown 
triggered by
High wind speed, grid failure, 
over-speed, all other fault 
conditions
Controls
Control System User 
Interface
Programmable Logic Controller 
(PLC)
ERIC™ Endurance Remote 
Interface Centre
Towers
Available Hub Heights (m) 24.6 and 36.4
Tower Type Free Standing Monopole, Safe climbing system
Warranty
Standard – 5 year parts and 
labour
CE Compliant Yes
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Certified Power Performance Test per IEC 61400-12-1
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DISCLAIMER: while statements made regarding the performance of Endurance products and comparisons to other manufacturers’ equipment are based on the cited data and the information of Endurance at the time of 
publishing, such data, information, test conditions and other factors may change at any time without notice, and therefore Endurance does not represent or warrant that any such statements are necessarily accurate.
© 2014 Endurance Wind Power Inc.  All rights reserved.  Endurance Wind Power, the Endurance Wind Power design and “e” design are registered trade-marks of Endurance Wind Power Inc. All other trade-marks are 
property of their respective owners.
  
The most suitable wind energy converter for every location
 ENERCON product overview
Sub MW
E-44, E-48, E-53
MW
E-70, E-82 E2, E-82 E4, 
E-92, E-101, E-101 E2, 
E-115, E-126 EP4
Multi-MW
E-126
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ENERCON wind energy converters –
Advantage through innovation.
For more than 25 years, ENERCON wind energy converters have been synonymous 
with technological progress and high profitability. The importance of technologies 
contributing to power supply security is constantly increasing. ENERCON’s control 
systems offer a wide range of technological options which can be adapted to the 
grid parameters of large power transmission systems. Continuous research and 
development, as well as a degree of vertical integration that is unrivalled in the 
industry, ensure the high quality standards, the reliability and the profitability of 
ENERCON wind energy converters. Together with customer-oriented service, they 
guarantee the company’s continued success.
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Rated power: 900 kW
Rotor diameter: 44 m
Hub height in meter: 45 / 55 
Wind zone (DIBt): -
Wind class (IEC): IEC/EN IA 
WEC concept:  Gearless, variable speed,  
 single blade adjustment
Rotor
Type:  Upwind rotor with active
  pitch control
Rotational direction: Clockwise 
No. of blades: 3
Swept area: 1,521 m2 
Blade material:  GRP (epoxy resin); 
 Built-in lightning protection
Rotational speed: Variable, 16 - 34.5 rpm
Pitch control:  ENERCON single blade 
pitch system; one inde-
pendent pitch system per 
rotor blade with allocated 
emergency supply
 Drive train with generator
Main bearing:  Twin tapered roller bearing
Generator:  ENERCON direct-drive 
 annular generator
Grid feed:  ENERCON inverter 
Brake systems: –  3 independent pitch con-
trol systems with emer-
gency power supply
 –  Rotor brake 
 –  Rotor lock
Yaw system:  Active via yaw gear,
  load-dependent damping
Cut-out wind speed: 28 - 34 m/s
  (with ENERCON storm 
control*)
Remote monitoring: ENERCON SCADA
 
* For more information on the ENERCON storm control feature, 
please see the last page.
E-44
                  900 kW
Wind speed v at hub height (m/s)
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Power P (kW) Power coefficient Cp (-)
  1 0.0 0.00
 2 0.0 0.00
 3 4.0 0.16
 4 20.0 0.34
 5 50.0 0.43
 6 96.0 0.48
 7 156.0 0.49
 8 238.0 0.50
 9 340.0 0.50
 10 466.0 0.50
 11 600.0 0.48
 12 710.0 0.44
 13 790.0 0.39
 14 850.0 0.33
 15 880.0 0.28
 16 905.0 0.24
 17 910.0 0.20
 18 910.0 0.17
 19 910.0 0.14
 20 910.0 0.12
 21 910.0 0.11
 22 910.0 0.09
 23 910.0 0.08
 24 910.0 0.07
 25 910.0 0.06
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 Technical speciﬁ cations E-44 Calculated power curve
 Wind Power P
 (m/s) (kW)
Power-
coefﬁ cient 
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 Technical speciﬁ cations E-48
Rated power: 800 kW
Rotor diameter: 48 m
Hub height in meter:  50 / 60 / 65 / 76
Wind zone (DIBt): WZ III
Wind class (IEC): IEC/EN IIA 
WEC concept:  Gearless, variable speed,  
 single blade adjustment
Rotor
Type:  Upwind rotor with active
  pitch control
Rotational direction: Clockwise 
No. of blades: 3
Swept area: 1,810 m2 
Blade material:  GRP (epoxy resin); 
 Built-in lightning protection
Rotational speed: Variable, 16 - 31.5 rpm
Pitch control:  ENERCON single blade 
pitch system; one inde-
pendent pitch system per 
rotor blade with allocated 
emergency supply
 Drive train with generator
Main bearing:  Twin tapered roller bearing
Generator:  ENERCON direct-drive 
 annular generator
Grid feed:  ENERCON inverter 
Brake systems: –  3 independent pitch con-
trol systems with emer-
gency power supply
 –  Rotor brake 
 –  Rotor lock
Yaw system:  Active via yaw gear,
  load-dependent damping
Cut-out wind speed: 28 - 34 m/s
  (with ENERCON storm 
control*)
Remote monitoring: ENERCON SCADA
 * For more information on the ENERCON storm control feature, 
please see the last page.
E-48
                  800 kW
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Power P (kW) Power coefficient Cp (-)
  1 0.0 0.00
 2 0.0 0.00
 3 5.0 0.17
 4 25.0 0.35
 5 60.0 0.43
 6 110.0 0.46
 7 180.0 0.47
 8 275.0 0.48
 9 400.0 0.50
 10 555.0 0.50
 11 671.0 0.45
 12 750.0 0.39
 13 790.0 0.32
 14 810.0 0.27
 15 810.0 0.22
 16 810.0 0.18
 17 810.0 0.15
 18 810.0 0.13
 19 810.0 0.11
 20 810.0 0.09
 21 810.0 0.08
 22 810.0 0.07
 23 810.0 0.06
 24 810.0 0.05
 25 810.0 0.05
 Calculated power curve
 Wind Power P 
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 Technical speciﬁ cations E-53
 Rated power: 800 kW
Rotor diameter: 52.9 m
Hub height in meter: 50 / 60 / 73  
Wind zone (DIBt): WZ II exp
Wind class (IEC): IEC/NVN Class S 
 (Vav = 7.5 m/s, Vext = 57 m/s) 
WEC concept:  Gearless, variable speed,  
 single blade adjustment
Rotor
Type:  Upwind rotor with active
  pitch control
Rotational direction: Clockwise 
No. of blades: 3
Swept area: 2,198 m2 
Blade material:  GRP (epoxy resin); 
 Built-in lightning protection
Rotational speed: Variable, 11 - 29.5 rpm
Pitch control:  ENERCON single blade 
pitch system; one inde-
pendent pitch system per 
rotor blade with allocated 
emergency supply
 Drive train with generator
Main bearing:  Twin tapered roller bearing
Generator:  ENERCON direct-drive 
 annular generator
Grid feed:  ENERCON inverter 
Brake systems: –  3 independent pitch con-
trol systems with emer-
gency power supply
 –  Rotor brake 
 –  Rotor lock
Yaw system:  Active via yaw gear,
  load-dependent damping
Cut-out wind speed: 28 - 34 m/s
  (with ENERCON storm 
control*)
Remote monitoring: ENERCON SCADA
 
* For more information on the ENERCON storm control feature, 
please see the last page.
E-53
                 800 kW
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Power P (kW) Power coefficient Cp (-)
  1 0.0 0.00
 2 2.0 0.19
 3 14.0 0.39
 4 38.0 0.44
 5 77.0 0.46
 6 141.0 0.48
 7 228.0 0.49
 8 336.0 0.49
 9 480.0 0.49
 10 645.0 0.48
 11 744.0 0.42
 12 780.0 0.34
 13 810.0 0.27
 14 810.0 0.22
 15 810.0 0.18
 16 810.0 0.15
 17 810.0 0.12
 18 810.0 0.10
 19 810.0 0.09
 20 810.0 0.08
 21 810.0 0.06
 22 810.0 0.06
 23 810.0 0.05
 24 810.0 0.04
 25 810.0 0.04
 Calculated power curve
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 Technical speciﬁ cations E-70 E4
 Rated power: 2,300 kW
Rotor diameter: 71 m
Hub height in meter: 57 / 64 / 75 / 85 / 98 / 114
Wind zone (DIBt): WZ III
Wind class (IEC): IEC/EN IA and IEC/EN IIA
WEC concept:  Gearless, variable speed,  
 single blade adjustment
Rotor
Type:  Upwind rotor with active
  pitch control
Rotational direction: Clockwise 
No. of blades: 3
Swept area: 3,959 m2 
Blade material:  GRP (epoxy resin); 
 Built-in lightning protection
Rotational speed: Variable, 6 - 21 rpm
Pitch control:  ENERCON single blade 
pitch system; one inde-
pendent pitch system per 
rotor blade with allocated 
emergency supply
 Drive train with generator
Main bearing:  Double row tapered/cylin-
drical roller bearings
Generator:  ENERCON direct-drive 
 annular generator
Grid feed:  ENERCON inverter 
Brake systems: –  3 independent pitch con-
trol systems with emer-
gency power supply
 –  Rotor brake 
 –  Rotor lock
Yaw system:  Active via yaw gear,
  load-dependent damping
Cut-out wind speed: 28 - 34 m/s
  (with ENERCON storm 
control*)
Remote monitoring: ENERCON SCADA
 * For more information on the ENERCON storm control feature, 
please see the last page.
E-70
              2,300 kW
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Power P (kW) Power coefficient Cp (-)
  1 0.0 0.00
 2 2.0 0.10
 3 18.0 0.27
 4 56.0 0.36
 5 127.0 0.42
 6 240.0 0.46
 7 400.0 0.48
 8 626.0 0.50
 9 892.0 0.50
 10 1,223.0 0.50
 11 1,590.0 0.49
 12 1,900.0 0.45
 13 2,080.0 0.39
 14 2,230.0 0.34
 15 2,300.0 0.28
 16 2,310.0 0.23
 17 2,310.0 0.19
 18 2,310.0 0.16
 19 2,310.0 0.14
 20 2,310.0 0.12
 21 2,310.0 0.10
 22 2,310.0 0.09
 23 2,310.0 0.08
 24 2,310.0 0.07
 25 2,310.0 0.06
 Calculated power curve
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 Technical speciﬁ cations E-82 E2
 Rated power: 2,000 kW
Rotor diameter: 82 m
Hub height in meter: 78 / 84 / 85 / 98 / 108 / 138 
Wind zone (DIBt): WZ III
Wind class (IEC): IEC/EN IIA
WEC concept:  Gearless, variable speed,  
 single blade adjustment
Rotor
Type:  Upwind rotor with active
  pitch control
Rotational direction: Clockwise 
No. of blades: 3
Swept area: 5,281 m2 
Blade material:  GRP (epoxy resin); 
 Built-in lightning protection
Rotational speed: Variable, 6 - 18 rpm
Pitch control:  ENERCON single blade 
pitch system; one inde-
pendent pitch system per 
rotor blade with allocated 
emergency supply
 Drive train with generator
Main bearing:  Double row tapered/cylin-
drical roller bearings
Generator:  ENERCON direct-drive 
 annular generator
Grid feed:  ENERCON inverter 
Brake systems: –  3 independent pitch con-
trol systems with emer-
gency power supply
 –  Rotor brake 
 –  Rotor lock
Yaw system:  Active via yaw gear,
  load-dependent damping
Cut-out wind speed: 28 - 34 m/s
  (with ENERCON storm 
control*)
Remote monitoring: ENERCON SCADA
 * For more information on the ENERCON storm control feature, 
please see the last page.
E-82
                2,000 kW
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Power P (kW) Power coefficient Cp (-)
  1 0.0 0.00
 2 3.0 0.12
 3 25.0 0.29
 4 82.0 0.40
 5 174.0 0.43
 6 321.0 0.46
 7 532.0 0.48
 8 815.0 0.49
 9 1,180.0 0.50
 10 1,580.0 0.49
 11 1,810.0 0.42
 12 1,980.0 0.35
 13 2,050.0 0.29
 14 2,050.0 0.23
 15 2,050.0 0.19
 16 2,050.0 0.15
 17 2,050.0 0.13
 18 2,050.0 0.11
 19 2,050.0 0.09
 20 2,050.0 0.08
 21 2,050.0 0.07
 22 2,050.0 0.06
 23 2,050.0 0.05
 24 2,050.0 0.05
 25 2,050.0 0.04
 Calculated power curve
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 Technical speciﬁ cations E-82 E2
 Rated power: 2,300 kW
Rotor diameter: 82 m
Hub height in meter: 78 / 84 / 85 / 98 / 108 / 138 
Wind zone (DIBt): WZ III
Wind class (IEC): IEC/EN IIA 
WEC concept:  Gearless, variable speed,  
 single blade adjustment
Rotor
Type:  Upwind rotor with active
  pitch control
Rotational direction: Clockwise 
No. of blades: 3
Swept area: 5,281 m2 
Blade material:  GRP (epoxy resin); 
 Built-in lightning protection
Rotational speed: Variable, 6 - 18 rpm
Pitch control:  ENERCON single blade 
pitch system; one inde-
pendent pitch system per 
rotor blade with allocated 
emergency supply
 Drive train with generator
Main bearing:  Double row tapered/cylin-
drical roller bearings
Generator:  ENERCON direct-drive 
 annular generator
Grid feed:  ENERCON inverter 
Brake systems: –  3 independent pitch con-
trol systems with emer-
gency power supply
 –  Rotor brake 
 –  Rotor lock
Yaw system:  Active via yaw gear,
  load-dependent damping
Cut-out wind speed: 28 - 34 m/s
  (with ENERCON storm 
control*)
Remote monitoring: ENERCON SCADA
 * For more information on the ENERCON storm control feature, 
please see the last page.
E-82
               2,300 kW
0 5 10 15 20 25
2,500
2,000
1,500
1,000
500
0
0.60
0.50
0.40
0.30
0.20
0.10
0.00
Wind speed v at hub height (m/s)
Power P (kW) Power coefficient Cp (-)
  1 0.0 0.00
 2 3.0 0.12
 3 25.0 0.29
 4 82.0 0.40
 5 174.0 0.43
 6 321.0 0.46
 7 532.0 0.48
 8 815.0 0.49
 9 1,180.0 0.50
 10 1,580.0 0.49
 11 1,890.0 0.44
 12 2,100.0 0.38
 13 2,250.0 0.32
 14 2,350.0 0.26
 15 2,350.0 0.22
 16 2,350.0 0.18
 17 2,350.0 0.15
 18 2,350.0 0.12
 19 2,350.0 0.11
 20 2,350.0 0.09
 21 2,350.0 0.08
 22 2,350.0 0.07
 23 2,350.0 0.06
 24 2,350.0 0.05
 25 2,350.0 0.05
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 Technical speciﬁ cations E-82 E4
 Rated power: 2,350 kW
Rotor diameter: 82 m
Hub height in meter: 59 / 69 / 78 / 84 
Wind zone (DIBt): -
Wind class (IEC): IEC/EN IA and IEC/EN IIA
WEC concept:  Gearless, variable speed, 
 single blade adjustment
Rotor
Type:  Upwind rotor with active
  pitch control
Rotational direction: Clockwise 
No. of blades: 3
Swept area: 5,281 m2 
Blade material:  GRP (epoxy resin); 
 Built-in lightning protection
Rotational speed: Variable, 6 - 18 rpm
Pitch control:  ENERCON single blade 
pitch system; one inde-
pendent pitch system per 
rotor blade with allocated 
emergency supply
 Drive train with generator
Main bearing:  Double row tapered/cylin-
drical roller bearings
Generator:  ENERCON direct-drive 
 annular generator
Grid feed:  ENERCON inverter 
Brake systems: –  3 independent pitch con-
trol systems with emer-
gency power supply
 –  Rotor brake 
 –  Rotor lock
Yaw system:  Active via yaw gear,
  load-dependent damping
Cut-out wind speed: 28 - 34 m/s
  (with ENERCON storm 
control*)
Remote monitoring: ENERCON SCADA
 * For more information on the ENERCON storm control feature, 
please see the last page.
E-82
               2,350 kW
 Calculated power curve
 Wind Power P 
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Power-
coefﬁ cient 
Cp (-)
4 4
0 5 10 15 20 25
2,500
2,000
1,500
1,000
500
0
0.60
0.50
0.40
0.30
0.20
0.10
0.00
Wind speed v at hub height (m/s)
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  1 0.0 0.00
 2 3.0 0.12
 3 25.0 0.29
 4 82.0 0.40
 5 174.0 0.43
 6 321.0 0.46
 7 532.0 0.48
 8 815.0 0.49
 9 1,180.0 0.50
 10 1,580.0 0.49
 11 1,890.0 0.44
 12 2,100.0 0.38
 13 2,250.0 0.32
 14 2,350.0 0.26
 15 2,350.0 0.22
 16 2,350.0 0.18
 17 2,350.0 0.15
 18 2,350.0 0.12
 19 2,350.0 0.11
 20 2,350.0 0.09
 21 2,350.0 0.08
 22 2,350.0 0.07
 23 2,350.0 0.06
 24 2,350.0 0.05
 25 2,350.0 0.05
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 Technical speciﬁ cations E-82 E4
 Rated power: 3,000 kW
Rotor diameter: 82 m
Hub height in meter: 69 / 78 / 84
Wind zone (DIBt): -
Wind class (IEC): IEC/EN IA and IEC/EN IIA
WEC concept:  Gearless, variable speed, 
 single blade adjustment
Rotor
Type:  Upwind rotor with active
  pitch control
Rotational direction: Clockwise 
No. of blades: 3
Swept area: 5,281 m2 
Blade material:  GRP (epoxy resin); 
 Built-in lightning protection
Rotational speed: Variable, 6 - 18 rpm
Pitch control:  ENERCON single blade 
pitch system; one inde-
pendent pitch system per 
rotor blade with allocated 
emergency supply
 Drive train with generator
Main bearing:  Double row tapered/cylin-
drical roller bearings
Generator:  ENERCON direct-drive 
 annular generator
Grid feed:  ENERCON inverter 
Brake systems: –  3 independent pitch con-
trol systems with emer-
gency power supply
 –  Rotor brake 
 –  Rotor lock
Yaw system:  Active via yaw gear,
  load-dependent damping
Cut-out wind speed: 28 - 34 m/s
  (with ENERCON storm 
control*)
Remote monitoring: ENERCON SCADA
 * For more information on the ENERCON storm control feature, 
please see the last page.
E-82
               3,000 kW
Wind speed v at hub height (m/s)
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  1 0.0    0.000
 2 0.0    0.000
 3 25.0    0.286
 4 82.0    0.396
 5 174.0    0.430
 6 321.0    0.459
 7 525.0    0.473
 8 800.0    0.483
 9 1,135.0    0.481
 10 1,510.0    0.467
 11 1,880.0    0.437
 12 2,200.0    0.394
 13 2,500.0    0.352
 14 2,770.0    0.312
 15 2,910.0    0.267
 16 3,000.0    0.226
 17 3,020.0    0.190
 18 3,020.0    0.160
 19 3,020.0    0.136
 20 3,020.0    0.117
 21 3,020.0    0.101
 22 3,020.0    0.088
 23 3,020.0    0.077
 24 3,020.0    0.068
 25 3,020.0    0.060
 Calculated power curve
 Wind Power P 
 (m/s) (kW)  
Power-
coefﬁ cient 
Cp (-)
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 Technical speciﬁ cations E-92
 Rated power: 2,350 kW
Rotor diameter: 92 m
Hub height in meter: 78 / 84 / 85 / 98 / 104 / 108 / 138 
Wind zone (DIBt): WZ III
Wind class (IEC): IEC/EN IIA
WEC concept:  Gearless, variable speed, 
 single blade adjustment
Rotor
Type:  Upwind rotor with active
  pitch control
Rotational direction: Clockwise 
No. of blades: 3
Swept area: 6,648 m2 
Blade material:  GRP (epoxy resin); 
 Built-in lightning protection
Rotational speed: Variable, 5 - 16 rpm
Pitch control:  ENERCON single blade pitch 
system; one independent 
pitch system per rotor blade 
with allocated emergency 
supply
 Drive train with generator
Main bearing:  Double row tapered/cylin-
drical roller bearings
Generator:  ENERCON direct-drive 
 annular generator
Grid feed:  ENERCON inverter 
Brake systems: –  3 independent pitch control 
systems with emergency 
power supply
 –  Rotor brake 
 –  Rotor lock
Yaw system:  Active via yaw gear,
  load-dependent damping
Cut-out wind speed: 28 - 34 m/s
  (with ENERCON storm con-
trol*)
Remote monitoring: ENERCON SCADA
 * For more information on the ENERCON storm control feature, 
please see the last page.
E-92
               2,350 kW
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Wind speed v at hub height (m/s)
Power P (kW) Power coefficient Cp (-)
  1 0.0 0.00
 2 3.6 0.11
 3 29.9 0.27
 4 98.2 0.38
 5 208.3 0.41
 6 384.3 0.44
 7 637.0 0.46
 8 975.8 0.47
 9 1,403.6 0.47
 10 1,817.8 0.45
 11 2,088.7 0.39
 12 2,237.0 0.32
 13 2,300.0 0.26
 14 2,350.0 0.21
 15 2,350.0 0.17
 16 2,350.0 0.14
 17 2,350.0 0.12
 18 2,350.0 0.10
 19 2,350.0 0.08
 20 2,350.0 0.07
 21 2,350.0 0.06
 22 2,350.0 0.05
 23 2,350.0 0.05
 24 2,350.0 0.04
 25 2,350.0 0.04
 Calculated power curve
 Wind Power P
 (m/s) (kW)
Power-
coefﬁ cient 
Cp (-)
p 
= 
1.
22
5 
kg
/m
3
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 Technical speciﬁ cations E-101
 Rated power: 3,050 kW
Rotor diameter: 101 m
Hub height in meter: 99 / 124 / 135 / 149 
Wind zone (DIBt): WZ III
Wind class (IEC): IEC/EN IIA 
WEC concept:  Gearless, variable speed,  
 single blade adjustment
Rotor
Type:  Upwind rotor with active
  pitch control
Rotational direction: Clockwise 
No. of blades: 3
Swept area: 8,012 m2 
Blade material:  GRP (epoxy resin); 
 Built-in lightning protection
Rotational speed: Variable, 4 - 14.5 rpm
Pitch control:  ENERCON single blade 
pitch system; one inde-
pendent pitch system per 
rotor blade with allocated 
emergency supply
 Drive train with generator
Main bearing:  Double row tapered/cylin-
drical roller bearings
Generator:  ENERCON direct-drive 
 annular generator
Grid feed:  ENERCON inverter 
Brake systems: –  3 independent pitch con-
trol systems with emer-
gency power supply
 –  Rotor brake 
 –  Rotor lock, latching (10°)
Yaw system:  Active via yaw gear,
  load-dependent damping
Cut-out wind speed: 28 - 34 m/s
  (with ENERCON storm 
control*)
Remote monitoring: ENERCON SCADA
 * For more information on the ENERCON storm control feature, 
please see the last page.
E-101
                3,050 kW
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Wind speed v at hub hight (m/s)
Power P (kW) Power coefficient Cp (-)
  1 0.0 0.00
 2 3.0 0.076
 3 37.0 0.279
 4 118.0 0.376
 5 258.0 0.421
 6 479.0 0.452
 7 790.0 0.469
 8 1,200.0 0.478
 9 1,710.0 0.478
 10 2,340.0 0.477
 11 2,867.0 0.439
 12 3,034.0 0.358
 13 3,050.0 0.283
 14 3,050.0 0.227
 15 3,050.0 0.184
 16 3,050.0 0.152
 17 3,050.0 0.127
 18 3,050.0 0.107
 19 3,050.0 0.091
 20 3,050.0 0.078
 21 3,050.0 0.067
 22 3,050.0 0.058
 23 3,050.0 0.051
 24 3,050.0 0.045
 25 3,050.0 0.040
 Calculated power curve
 Wind Power P
 (m/s) (kW)
Power-
coefﬁ cient 
Cp (-)
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 Technical speciﬁ cations E-101 E2
 Rated power: 3,500 kW
Rotor diameter: 101 m
Hub height in meter: 74 
Wind zone (DIBt): WZ IV
Wind class (IEC): IEC/EN IA 
WEC concept:  Gearless, variable speed,  
 single blade adjustment
Rotor
Type:  Upwind rotor with active
  pitch control
Rotational direction: Clockwise 
No. of blades: 3
Swept area: 8,012 m2 
Blade material:  GRP (epoxy resin); 
 Built-in lightning protection
Rotational speed: Variable, 4 - 14.5 rpm
Pitch control:  ENERCON single blade 
pitch system; one inde-
pendent pitch system per 
rotor blade with allocated 
emergency supply
 Drive train with generator
Main bearing:  Double row tapered/cylin-
drical roller bearings
Generator:  ENERCON direct-drive 
 annular generator
Grid feed:  ENERCON inverter 
Brake systems: –  3 independent pitch con-
trol systems with emer-
gency power supply
 –  Rotor brake 
 –  Rotor lock, latching (10°)
Yaw system:  Active via yaw gear,
  load-dependent damping
Cut-out wind speed: 28 - 34 m/s
  (with ENERCON storm 
control*)
Remote monitoring: ENERCON SCADA
 * For more information on the ENERCON storm control feature, 
please see the last page.
E-101
                3,500 kW
Wind speed v at hub height (m/s)
0 5 10 15 20 25
3,500
3,000
2,500
2,000
1,500
1,000
500
0
0.70
0.60
0.50
0.40
0.30
0.20
0.10
0.00
Power P (kW) Power coefficient Cp (-)
 Calculated power curve
 Wind Power P
 (m/s) (kW)
Power-
coefﬁ cient 
Cp (-)
  1 0.0 0.00
 2 3.0 0.08
 3 37.0 0.28
 4 116.0 0.37
 5 253.0 0.41
 6 469.0 0.44
 7 775.0 0.46
 8 1,175.0 0.47
 9 1,680.0 0.47
 10 2,280.0 0.46
 11 2,810.0 0.43
 12 3,200.0 0.38
 13 3,400.0 0.32
 14 3,465.0 0.26
 15 3,500.0 0.21
 16 3,500.0 0.17
 17 3,500.0 0.15
 18 3,500.0 0.12
 19 3,500.0 0.10
 20 3,500.0 0.09
 21 3,500.0 0.08
 22 3,500.0 0.07
 23 3,500.0 0.06
 24 3,500.0 0.05
 25 3,500.0 0.05
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 Technical speciﬁ cations E-115
 Rated power: 3,000 kW
Rotor diameter: 115.7 m
Hub height in meter: 92 / 122 / 135 / 149 
Wind zone (DIBt): WZ III
Wind class (IEC): IEC/EN IIA
WEC concept:  Gearless, variable speed,  
 single blade adjustment
Rotor
Type:  Upwind rotor with active
  pitch control
Rotational direction: Clockwise 
No. of blades: 3
Swept area: 10,515.5 m2 
Blade material:  GRP (epoxy resin); 
 Built-in lightning protection
Rotational speed: Variable, 4 - 12.8 rpm
Pitch control:  ENERCON single blade 
pitch system; one inde-
pendent pitch system per 
rotor blade with allocated 
emergency supply
 Drive train with generator
Main bearing:  Double row tapered/cylin-
drical roller bearings
Generator:  ENERCON direct-drive 
 annular generator
Grid feed:  ENERCON inverter 
Brake systems: –  3 independent pitch con-
trol systems with emer-
gency power supply
 –  Rotor brake 
 –  Rotor lock, latching (10°)
Yaw system:  Active via yaw gear,
  load-dependent damping
Cut-out wind speed: 28 - 34 m/s
  (with ENERCON storm 
control*)
Remote monitoring: ENERCON SCADA
 * For more information on the ENERCON storm control feature, 
please see the last page.
Wind speed v at hub height (m/s)
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Power P (kW) Power coefficient Cp (-)
  1 0.0   0.00
 2 3.0    0.058
 3 48.5    0.279
 4 155.0    0.376
 5 339.0    0.421
 6 627.5    0.451
 7 1,035.5    0.469
 8 1,549.0    0.470
 9 2,090.0    0.445
 10 2,580.0    0.401
 11 2,900.0    0.338
 12 3,000.0    0.270
 13 3,000.0    0.212
 14 3,000.0    0.170
 15 3,000.0    0.138
 16 3,000.0    0.114
 17 3,000.0    0.095
 18 3,000.0    0.080
 19 3,000.0    0.068
 20 3,000.0    0.058
 21 3,000.0    0.050
 22 3,000.0    0.044
 23 3,000.0    0.038
 24 3,000.0    0.034
 25 3,000.0    0.030
 Calculated power curve
 Wind Power P
 (m/s) (kW)
Power-
coefﬁ cient 
Cp (-)
E-115
                 3,000 kW
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 Technical speciﬁ cations E-126 EP4
Wind speed v at hub height (m/s)
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Power P (kW) Power coefficient Cp (-)
 Calculated power curve
 Wind Power P
 (m/s) (kW)
Power-
coefﬁ cient 
Cp (-)
  1 0.0 0.00
 2 0.0 0.00
 3 58.0 0.28
 4 185.0 0.37
 5 400.0 0.41
 6 745.0 0.44
 7 1,200.0 0.45
 8 1,790.0 0.45
 9 2,450.0 0.43
 10 3,120.0 0.40
 11 3,660.0 0.35
 12 4,000.0 0.30
 13 4,150.0 0.24
 14 4,200.0 0.20
 15 4,200.0 0.16
 16 4,200.0 0.13
 17 4,200.0 0.11
 18 4,200.0 0.09
 19 4,200.0 0.08
 20 4,200.0 0.07
 21 4,200.0 0.06
 22 4,200.0 0.05
 23 4,200.0 0.04
 24 4,200.0 0.04
 25 4,200.0 0.03
E-126 EP4
4,200 kW
 Rated power: 4,200 kW
Rotor diameter: 127 m
Hub height in meter: 135 
Wind zone (DIBt): WZ III
Wind class (IEC): IEC/EN IIA
WEC concept:  Gearless, variable speed,  
 single blade adjustment
Rotor
Type:  Upwind rotor with active
  pitch control
Rotational direction: Clockwise 
No. of blades: 3
Swept area: 12,668 m2 
Blade material:  GRP (epoxy resin); 
 Built-in lightning protection
Rotational speed: Variable, 3 - 11.6 rpm
Pitch control:  ENERCON single blade 
pitch system; one inde-
pendent pitch system per 
rotor blade with allocated 
emergency supply
 Drive train with generator
Main bearing:  Double row tapered/cylin-
drical roller bearings
Generator:  ENERCON direct-drive 
 annular generator
Grid feed:  ENERCON inverter 
Brake systems: –  3 independent pitch con-
trol systems with emer-
gency power supply
 –  Rotor brake 
  
Yaw system:  Active via yaw gear,
  load-dependent damping
Cut-out wind speed: 28 - 34 m/s
  (with ENERCON storm 
control*)
Remote monitoring: ENERCON SCADA
 * For more information on the ENERCON storm control feature, 
please see the last page.
p 
= 
1.
22
5 
kg
/m
3
 
 
 Main carrier
 Yaw drive 
 Annular generator
 Hub adapter
 Rotor hub
 Rotor blade
1
2
3
4
5
6
1
2
3
4
5
6
  
PAGE 30                     ENERCON  product overview E-126 E-126  PAGE 31
 Technical speciﬁ cations E-126
 Rated power: 7,580 kW
Rotor diameter: 127 m
Hub height in meter: 135 
Wind zone (DIBt): WZ III
Wind class (IEC): IEC/EN IA 
WEC concept:  Gearless, variable speed, 
 single blade adjustment
Rotor
Type:  Upwind rotor with active
  pitch control
Rotational direction: Clockwise 
No. of blades: 3
Swept area: 12,668 m2 
Blade material:  GRP (epoxy resin)/GRP; 
  GRP (epoxy resin)/steel; 
 Built-in lightning protection
Rotational speed: Variable, 5 - 12.1 rpm
Pitch control:  ENERCON single blade 
pitch system; one inde-
pendent pitch system per 
rotor blade with allocated 
emergency supply
 Drive train with generator
Main bearing:  Single row tapered roller 
bearings
Generator:  ENERCON direct-drive 
 annular generator
Grid feed:  ENERCON inverter 
Brake systems: –  3 independent pitch con-
trol systems with emer-
gency power supply
 –  Rotor brake
Yaw system:  Active via yaw gear,
  load-dependent damping
Cut-out wind speed: 28 - 34 m/s
  (with ENERCON storm 
control*)
Remote monitoring: ENERCON SCADA
 * For more information on the ENERCON storm control feature, 
please see the last page.
E-126
              7,580 kW
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Wind speed v at hub height (m/s)
Power P (kW) Power coefficient Cp (-)
  1 0.0 0.00
 2 0.0 0.000
 3 55.0 0.263
 4 175.0 0.352
 5 410.0 0.423
 6 760.0 0.453
 7 1,250.0 0.470
 8 1,900.0 0.478
 9 2,700.0 0.477
 10 3,750.0 0.483
 11 4,850.0 0.470
 12 5,750.0 0.429
 13 6,500.0 0.381
 14 7,000.0 0.329
 15 7,350.0 0.281
 16 7,500.0 0.236
 17 7,580.0 0.199
 18 7,580.0 0.168
 19 7,580.0 0.142
 20 7,580.0 0.122
 21 7,580.0 0.105
 22 7,580.0 0.092
 23 7,580.0 0.080
 24 7,580.0 0.071
 25 7,580.0 0.063
 Calculated power curve
 Wind Power P
 (m/s) (kW)
Power-
coefﬁ cient 
Cp (-)
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   ENERCON E-44   900 kW   44 m   1,521 m2  45 / 55  m      variable, 16 - 34.5 rpm  28 - 34 m/s   -  IEC/EN IA                                           
  ENERCON E-48   800 kW   48 m   1,810 m2  50 / 60 / 65 / 76 m     variable, 16 - 31.5 rpm  28 - 34 m/s   WZ III   IEC/EN IIA                                         
  ENERCON E-53   800 kW   52.9 m   2,198 m2 50 / 60 / 73 m      variable, 11 - 29.5 rpm  28 - 34 m/s   WZ II exp  IEC/NVN Class S                                 
  ENERCON E-70   2,300 kW  71 m   3,959 m2  57 / 64 / 75 / 85 / 98 / 114 m   variable, 6 - 21 rpm  28 - 34 m/s   WZ III   IEC/EN IA and IEC/EN IIA       
  ENERCON E-82 E2  2,000 kW  82 m   5,281 m2  78 / 84 / 85 / 98 / 108 / 138 m    variable, 6 - 18 rpm  28 - 34 m/s   WZ III   IEC/EN IIA                                            
  ENERCON E-82 E2  2,300 kW  82 m  5,281 m2  78 / 84 / 85 / 98 / 108 / 138 m    variable, 6 - 18 rpm  28 - 34 m/s   WZ III   IEC/EN IIA                                             
  ENERCON E-82 E4                      2,350 kW          82 m  5,281 m2             59 / 69 / 78 / 84 m    variable, 6 - 18 rpm  28 - 34 m/s  -  IEC/EN IA and IEC/EN IIA
  ENERCON E-82 E4                      3,000 kW          82 m  5,281 m2             69 / 78 / 84 m     variable, 6 - 18 rpm  28 - 34 m/s  -  IEC/EN IA and IEC/EN IIA
  ENERCON E-92   2,350 kW  92 m   6,648 m2  78 / 84 / 85 / 98 / 104 / 108 / 138 m   variable, 5 - 16 rpm  28 - 34 m/s   WZ III   IEC/EN IIA                                                
  ENERCON E-101   3,050 kW  101 m   8,012 m2  99 / 124 / 135 / 149 m     variable, 4 - 14.5 rpm  28 - 34 m/s   WZ III   IEC/EN IIA
  ENERCON E-101 E2  3,500 kW  101 m  8,012 m2 74 m      variable, 4 - 14.5 rpm  28 - 34 m/s  WZ IV  IEC/EN IA                                         
  ENERCON E-115  3,000 kW  115.7 m  10,515.5 m2 92 / 122 / 135 / 149 m    variable, 4 - 12.8 rpm  28 - 34 m/s  WZ III  IEC/EN IIA       
  ENERCON E-126 EP4  4,200 kW  127 m  12,668 m2 135 m      variable, 3 - 11.6 rpm  28 - 34 m/s  WZ III  IEC/EN IIA                                    
  ENERCON E-126   7,580 kW  127 m   12,668 m2  135 m       variable, 5 - 12.1 rpm  28 - 34 m/s   WZ III   IEC/EN IA                         
Rated
power    
WEC   Rotor 
diameter    
Swept
area    
Hub height Rotational speed Cut-out
wind speed
Wind zone
(DIBt)
Wind class
(IEC)
ENERCON product overview
The product portfolio comprises wind energy converters in the sub- to multi-megawatt classes.
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ENERCON power curves
According to current standards, power curve meas-
urement parameters such as turbulence intensity are 
not taken into consideration. The results are deviat-
ing measurements on the same type of wind turbine 
at different locations. Again, when comparing yield 
using power curve measurements from different 
types of wind turbines, a clear picture cannot be ob-
tained unless all measurement parameters are taken 
into consideration.
So in order to calculate power yield forecasts for its 
wind turbines, ENERCON does not use power curve 
measurements but rather calculated power curves.
ENERCON storm control
ENERCON wind energy converters run with a 
special storm control feature. This slows the wind 
turbine down so that it can continue to operate even 
at high wind speeds. Numerous shutdowns which lead 
to considerable losses in power output can thus be 
avoided.
When storm control is activated, the rated speed is 
linearly reduced starting at a predetermined wind 
speed for each turbine type. Beginning at another 
turbine-specific wind speed, the limitation of the 
turbine´s rated speed also reduces active power. The 
turbine only shuts down at a wind speed of more than 
34 m/s (10-minute average).
In comparison: when storm control is deactivated, 
the wind turbine stops if the wind speed reaches a 
3-minute average of 25 m/s or a 15-second average 
of 30 m/s.
These are based on the following:
  Experience gained from numerous power 
curve measurements on various wind turbine 
types taken by accredited institutes
  Average turbulence intensity of 12 %
 Standard air density of 1,225 kg/m3
  Anemometer specifications according to IEC 
61400-12-1
Thus, the power curves for ENERCON wind turbines 
provide highly reliable and realistic calculations for 
expected energy yield based on the wind conditions at 
the respective site.
Wind turbine shuts down at preset maximum wind 
speed (V3).
V1  =  Cut-in wind speed
V2  =  Rated wind speed
V4  =  Cut-in wind speed after deactivated storm control
V3  =  Cut-out wind speed with deactivated storm control
Wind turbine reduces output starting at a deter-
mined wind speed (V3). A shutdown does not occur 
until a predetermined maximum wind speed (V4) 
is reached.
V1  =  Cut-in wind speed
V2  =  Rated wind speed
V3  =  Beginning of power reduction
V4  =  Cut-out wind speed with activated storm control 
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